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ABSTRACT 


The  objective  of  this  program  is  to  develop  the  technology  of 
efficient  electric  arc  jet  thrustors  for  high  specific  Impulse  and 
long  life.  It  is  aimed  particularly  at  power  levels  between  10  and 
50  kW,  specific  impulse  between  1500  and  6500  seconds,  and  power 
input- to- thrus t  ratios  less  than  190  kW/lb  for  durations  up  to  100 
hours.  The  approach  combines  analytical  and  experimental  research  to 
investigate  and  develop  thrustors  using  lithiun  and  other  alkali 
metals  as  propellants.  Alkali  metals  have  the  advantage  of  high 
frozen-flow  efficiency  compared  with  gaseous  propellants  used  in  pre¬ 
vious  arc  jet  work.  The  use  of  lithium  in  this  I  range  requires 
energies  per  particle  which  are  not  achievable  by  the  electrothermal 
arc-heating  process.  Thus,  it  is  necessary  to  employ,  in  addition, 
electromagnetic  acceleration  processes.  The  present  approach  has 
relied  predominantly  on  Hall  current  interactions  with  an  applied  mag¬ 
netic  field.  Thrustors  of  tl  s  type  have  been  designated  ALPHA 
(ALkali  Plasma  Hall  Accelerator).  During  the  second  phase  of  the  pro¬ 
gram  the  following  advances  have  been  made.  The  effects  of  the  test¬ 
ing  environment  upon  the  measured  performance  have  been  intensively 
investigated  and  criteria  developed  for  determining  when  the  measure¬ 
ments  can  be  relied  upon.  The  performance  of  potassium  propellant 
has  been  in'  estigated  and  found  to  be  comparable  with  that  of  lithium 
at  low  specific  Impulse  and  worse  at  higher  specific  Impulses.  This 
is  tentatively  explained  by  multiple  ionization  of  the  potassium. 

Two  major  modifications  to  the  design  of  the  engine  have  been  made: 

(a)  the  cylindrical  cathode  has  been  replaced  by  a  buffered  cathode 
with  separate  propellant  injection,  thereby  increasing  the  thrust  per 
unit  current,  decreasing  the  cathode  power  loss  per  unit  current, 
increasing  the  insulator  lifetime  and  helping  to  separate  the  ioniza¬ 
tion  and  acceleration  processes;  and  (b)  the  region  of  strong  magnetic 
field  has  been  extended  downstream  by  placing  a  second  coil  on  the 
engine,  thereby  reducing  the  magnet  power  requirement  by  a  factor  of 
almost  five.  The  vacuum  tank  has  been  doubled  in  length  and  the  back¬ 
ground  pressure  during  a  typical  run  has  been  reduced  by  almost  an 
order  of  magnitude.  The  thrust  balance  has  been  improved,  permitting 
measurements  with  an  accuracy  of  about  ±2  percent.  A  new  high 
capacity  feed  system  has  been  designed  to  provide  continuous  reliable 
operation  for  periods  of  over  100  hours  at  levels  around  10  mg/sec. 

A  theory  has  been  developed  for  the  operation  of  ALPHA.  Calculations 
based  on  this  theory  indicate  that  significant  improvements  can  be 
made  over  present  performance.  Equally  Important,  the  theory  gives 
design  parameters  that  can  be  tested  and  then  used  in  the  development 
of  optimum  thrustors. 
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SECTION  I 


INTRODUCTION 


This  report  summarizes  the  results  obtained  during  the  second 
year  of  a  3-year  program  aimed  at  developing  the  technology  of  steady- 
state  arc  devices  to  the  point  where  it  will  be  possible  to  build 
plasma  thrustors  capable  of  the  following  performance: 

Power  Input  Up  to  300  kW 

Specific  Impulse  1500-4000  sec 

Overall  Efficiency  Greater  than  60  percent 

Lifetime  Over  500  hours 

The  technology  of  the  alkali  metal  plasma  thrustor  was  developed 
during  the  first  phase  of  this  program.  However,  a  number  of  out¬ 
standing  problems  still  existed  at  the  end  of  the  first  phase  which 
were  of  a  rather  fundamental  nature.  The  most  important  are  listed 
below. 


1.  Possible  effects  of  the  test  environment  upon  the  measured 
engine  performance  cast  some  doubt  upon  the  data  obtained 
from  thrust  and  mass  flow  rate  measurements. 

2.  Of  the  alkali  metals,  only  lithium  had  been  investigated. 
Its  performance  at  low  specific  impulse  appeared  rather 
poor  and  calculations  indicated  that  sodium  or  potassium 
might  perform  better. 

3.  The  engine  mechanisms  were  not  well  enough  understood  to  be 
useful  in  developing  optimum  engine  designs.  One  result  of 
this  was  that  the  magnet  power  was  twice  as  high  as  the  arc 
power,  making  the  overall  efficiency  quite  low. 

One  of  the  most  difficult  questions  that  confronts  the  experi¬ 
mentalist  who  is  attempting  to  evaluate  the  performance  capability  of 
an  alkali  metal  accelerator  is  to  define  the  conditions  which  will 
constitute  a  valid  test.  The  problem  arises  because  the  discharge 
extends  an  indeterminate  distance  into  the  wake.  The  specific 
questions  are  these: 
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1.  How  large  must  the  vacuum  tank  be  to  Insure  that  the  tank 
vails  do  not  affect  engine  performance? 

2.  What  precautions  must  be  taken  to  insure  that  the  mass  flow 
rate  in  the  exhaust  beam  is  equal  to  or  lower  than  the 
propellant  injection  rate  into  the  accelerator? 

Preliminary  tests  indicated  that  the  size  of  the  tank  is  not 
critical.  However,  the  possibility  still  exists  that  in  some  cases 
the  tank  may  limit  the  size  of  the  discharge,  or  may  actually  carry 
some  of  the  discharge  current  over  a  part  of  its  path.  Tests  in 
tanks  of  various  diameters  and  lengths  have  been  conducted  at  EOS  and 
elsewhere  but  the  results  are  still  not  conclusive  because  other 
variables  occurred  simultaneously  in  the  tests. 

The  problem  of  determining  the  ratio  of  beam  particle  flux  rate 
to  propellant  injection  rate  is  formidable.  When  tests  are  being  con¬ 
ducted  with  an  alkali  metal  propellant  any  one  of  the  following  sources 
of  extra  material  for  the  beam  exists: 

1.  Propellant  can  condense  on  any  cool  engine  component.  When 
conditions  are  altered  so  that  the  engine  heats  up,  this 
propellant  can  vaporize  and  enter  the  exhaust  beam. 

2.  If  all  of  the  beam  particles  do  not  adhere  to  the  target  or 
tank  walls  once  they  have  struck  it,  then  this  "backs tr earn¬ 
ing"  propellant  can  be  ionized  and  accelerated  in  the  dis¬ 
charge,  resulting  in  a  recirculation  of  the  propellant. 

3.  If  any  background  gaseous  material  is  present  in  the  vacuum 
tank  (e.g.,  air  leakage),  then  this  substance  can  be  ionized 
and  accelerated  by  the  discharge. 

4.  The  heat  flux  to  one  or  both  electrodes  can  become  high 
enough  to  vaporize  electrode  or  insulator  material.  The  dis¬ 
charge  may  then  ionize  and  accelerate  this  material. 

Items  1  and  4  can  be  controlled  by  proper  design  and  by  exercising  care 
while  testing.  By  using  adequate  pumping  capacity  and  careful  sealing 
of  the  vacuum  tank,  the  impurity  level  of  ambient  gas  can  be  maintained 
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adequately  low.  If  necessary,  liquid  nitrogen  liners  can  be  used. 
There  is  real  difficulty,  however,  in  determining  if  the  recirculation 
of  propellant  can  ever  be  completely  eliminated.  The  beam  itself  is 
likely  to  dislodge  particles  that  have  condensed  in  the  target  area 
and  these  could  backstream  into  the  volume  of  the  discharge. 

The  extent  to  which  any  one  or  several  of  the  above-mentioned 
four  processes  may  have  had  some  influence  upon  performance  data  that 
have  been  reported  elsewhere  and  in  this  report  are  difficult  to 
assess.  Efforts  have  been  made  at  EOS  to  control  all  four  of  the 
above-mentioned  items.  These  are  reported  here  and  in  Refs.  1  and  2. 

A  few  very  general  statements  concerning  these  mechanisms  which 
govern  the  behavior  of  magnetic  annular  accelerators  can  be  made: 

1.  Thrust  is  produced  by  the  expulsion  of  high-velocity  ions 
from  the  engine. 

2.  Tlie  ions  are  produced  by  collisions  between  atrms  and 
energetic  electrons  throughout  the  volume  of  the  discharge. 

3.  The  electrical  discharge  extends  a  considerable  distance 
downstream  of  the  electrodes  and,  hence,  transfers  most  of 
the  energy  and  momentum  to  the  gas  far  from  the  engine. 
Viscous  interaction  with  engine  components  can  hence  be 
neglected.  Thermal  conduction  effects  to  all  engine  com¬ 
ponents  other  than  the  cathode  can  also  be  neglected. 

4.  Since  the  discharge  occurs  in  a  low  density  environment, 
most  of  the  Internal  energy  of  the  gas  can  be  associated 
with  the  electrons.  As  the  arc  current  becomes  large,  e.g. , 
>  1000  amps,  then  this  may  not  remain  valid,  since  the  high 
pressures  in  the  cathode  jet  could  lead  to  considerable  ion 
heating  due  to  eleccron-ion  collisions.  Similarly,  the 

en«  gy  associated  with  the  body  forces  exerted  on  the  gas 
can  be  associated  with  the  ions. 

5.  The  power  transferred  to  the  anode  can  be  attributed  almost 
entirely  to  the  energy  convected  by  the  electrons  as  they 
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carry  the  current  into  the  anode.  This  is  especially  true 
when  the  cathode  tip  is  flush  with  the  anode  face.  As  the 
cathode  tip  is  recessed  further  and  further  back  in  the 
anode  cavity,  more  and  more  of  the  anode  heating  will  be 
due  to  conduction  from  the  hot  gas. 

6.  The  solenoldal  magnetic  field  that  is  applied  acts  as  a 
magnetic  nozzle  for  any  plasma  that  is  produced  by  the  dis¬ 
charge.  That  is,  all  forms  of  electron  and  ion  energy 
(exclusive  of  ionization  and  radiation)  are  converted  into 
axial  and  radial  ion  velocities  by  expansion  out  of  the 
magnetic  field.  This  indicates  that  all  the  electrical 
power  of  the  discharge  can  be  converted  into  beam  power 
except  for:  (a)  the  anode  and  cathode  power  loss,  (b)  the 
power  used  in  ionizing  the  propellant. 

7.  All  of  the  beam  power  cannot  be  converted  into  axial  kinetic 
energy.  The  ions  will  have  some  tangential  velocity  to 
balance  the  torque  produced  on  the  accelerator  by  the  dis¬ 
charge  current  crossing  the  applied  magnetic  field.  There 
will  also  be  some  radial  velocity  of  the  ions  due  to  the 
shape  of  the  magnetic  nozzle. 

8.  A  large  fraction  of  the  thrust  reaction  occurs  on  the  magnet. 
This  indicates  that  azimuthal  currents  must  be  flowing  in 
the  plasma  tube. 

The  above  considerations  lead  to  some  well-defined  design  criteria 

1.  Raise  the  arc  voltage  to  as  high  a  value  as  possible  while 
maintaining  the  electron  temperature  at  modestly  low  values. 
This  will  transfer  a  large  amount  of  kinetic  energy  directly 
to  the  ions  with  good  thermal  efficiency. 

2.  Inject  the  propellant  so  that  it  will  be  ionized  in  a  region 
of  high  potential,  i.e.,  near  anode  potential.  This  will 
allow  the  ions  to  carry  some  of  the  current  and  thus  acquire 
energy  directly  from  the  electric  field. 
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3.  Use  a  propellant  of  low  molecular  weight  to  obtain  the  best 
possible  energy  transfer  characteristics  between  ions  and 
electrons.  Also  pick  a  propellant  with  a  low  first  ioniza¬ 
tion  potential  so  the  gas  can  be  easily  singly  ionized  with  a 
minimum  power  loss.  The  second  ionization  potential  should 
be  as  high  as  possible  to  prevent  energy  losses  in  excita¬ 
tion  or  ionization  of  the  second  electron. 

The  development  of  a  comprehensive  theory  describing  the  mecha¬ 
nisms  and  performance  capability  of  the  accelerator  has  also  proven 
to  be  a  very  difficult  task.  A  phenomenological  theory  was  developed 
at  EOS  during  the  first  phase  of  this  program  which  used  measured 
dependencies  of  thrust  and  anode  power  loss  upon  the  controllable 
variables  to  develop  relations  among  the  voltage,  specific  Impulse, 
and  thrust  efficiency.  Naturally,  this  approach  did  not  identify  any 
mechanisms  for  thrust  production  or  power  losses.  A  more  fundamental 
approach  to  the  problem  is  presented  in  Appendi  II  of  this  report  and 
a  complete  analysis  is  carried  out  for  a  simplified  model  of  the 
accelerator.  The  significance  of  some  overall  conservation  principles 
is  also  discussed. 

The  underlying  principle  of  the  analytic  approach  developed  at 
EOS  is  that  the  discharge  will  operate  in  a  minimum  potential  mode. 

This  follows  the  accepted  approach  to  studying  arc  discharge  phenomena, 
which  is  assumed  to  remain  valid  even  when  a  significant  fraction  of 
the  discharge  power  is  transferred  directly  into  kinetic  energy  of 
the  ions.  This  leads  to  the  concept  of  a  critical  mass  flow  defined 
as  the  effective  mass  flow  rate.  The  ideas  behind  this  concept  are 
simple.  Assume  that  a  discharge  is  occurring  in  a  vacuum  environment 
across  an  electrode  configuration  where  the  arc  current  and  applied 
magnetic  field  strength  are  held  constant  while  the  propellant  flow 
rate  through  the  engine  is  varied.  If  the  thrust  is  electromagnetic 
in  origin,  it  will  not  Increase  appreciably  as  the  flow  rate  increases. 
If  the  propellant  is  fully  ionized  in  the  discharge,  then  as  the  flow 
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rate  is  increased  the  beam  power  decreases  and  the  power  used  to 
ionite  the  propellant  Increases,  These  two  competing  processes  indi¬ 
cate  that  there  will  probably  be  some  mass  flow  rate  at  which  the 
power  input,  or  voltage  drop  will  be  a  minimum.  It  is  then  assumed 
that  the  discharge  will  encompass  enough  volume  to  ionize  propellant 
at  just  this  critical  rate,  provided  enough  is  available.  If  more 
than  the  "effective"  mass  flow  rate  is  injected  through  the  engine, 
it  is  assumed  that  the  excess  is  not  ionized  and,  hence,  diffuses  out 
of  the  accelerator  unused.  If  less  than  the  "effective"  mass  flow 
rate  is  injected  through  the  electrodes,  the  discharge  will  attempt 
to  entrain  ambient  material  to  make  up  the  deficit. 

Using  the  above  concepts,  calculations  of  engine  performance  when 
the  thrust  depends  linear! ly  upon  the  magnetic  field  strength  have 
been  made  by  Bennett  and  John  at  AVCO-RAD  (Ref.  3). 

Early  in  the  development  of  the  present  Hall  current  accelerator, 
it  was  realized  that  the  device  magnetically  confined  the  plasma  flow 
in  the  radial  direction.  It  also  appeared  that  energies  in  the  order 
of  100  electron  volts  were  transferred  to  the  heavy  particles  from  the 
electromagnetic  field.  These  properties  of  the  device  appeared  inter¬ 
esting  enough  to  initiate  a  program  at  EOS  to  investigate  the  potential 
of  using  the  processes  occurring  in  it  to  heat  and  confine  a  plasma  to 
temperatures  and  pressures  where  it  could  be  of  value  to  thermonuclear 
research.  This  program  was  funded  by  EOS  and  Xerox.  One  aspect  of 
the  investigations  conducted  appeared  very  relevant  to  the  accelerator 
operation  and  the  results  are  reported  here  in  Appendix  II. 

As  mentioned  earlier,  one  of  the  main  criteria  for  design  improve¬ 
ment  is  to  increase  the  potential  drop  of  the  discharge  while  keeping 
the  energy  of  the  electrons  entering  the  anode  low.  Ihe  results  of 
Appendix  II  indicate  scaling  laws  for  accomplishing  this  which  Involve 
major  changes  in  the  configuration.  The  ideal  accelerator  would  appear 
to  be  something  very  close  to  a  space  charge- neutralized  ion  engine  and 
propulsion  devices  designed  to  work  on  this  principle  have  been  called 
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ALPHA  (ALkali  Plasma  Hall  Accelerator)  at  EOS.  First,  it  is  necessary 
to  separate  the  ionization  process  from  the  acceleration  process  so 
that  the  ion  spin  can  be  increased  to  a  value  higher  than 


This  is  accomplished  by: 

1.  Introducing  a  new  ionizer  electrode  downstream  of  the  anode. 

2.  Shaping  the  magnetic  field  so  that  the  electron  current 
between  the  cathode  and  anode  is  reduced  to  a  minimum. 

Second,  two  separate  flows  are  set  up,  a  cathode  jet  and  an  anode 
sheath.  The  former  comprises  high  density  plasma  formed  by  injecting 
gas  over  the  buffered  cathode.  The  total  arc  current  is  carried  by 
electrons  in  the  cathode  jet.  This  plasma  slowly  expands  across  the 
magnetic  field  lines  and  as  it  does  so,  the  fallowing  things  happen: 

1.  The  plasma  spins  up. 

2.  The  arc  current  forms  into  an  annulus  surrounding  the  plasma 
column. 

3.  The  plasma  heats  up. 

4.  As  the  diameter  of  the  column  Increases,  the  potential  drop 
along  the  column  increases. 

The  anode  sheath  is  composed  of  ions  formed  by  electron  collisions 
with  the  gas  injected  through  the  anode.  These  ions,  together  with 
the  electrons  which  space  charge  neutralize  them  form  a  collisionless 
plasma  which  drifts  downstream  and  spins.  The  ions  have  a  radius  of 
closest  approach  to  the  axis  which  depends  upon  the  potential  drop 
between  the  anode  and  the  magnetic  field  line  at  that  radius.  Third, 
it  is  postulated  that,  if  a  long  enough  region  of  uniform  magnetic 
field  is  supplied,  the  cathode  jet  and  anode  sheath  will  meet  to  com¬ 
plete  the  current  path  in  such  a  manner  that  the  total  potential  drop 
is  a  minimum.  This  postulate  defines  an  Interaction  length  for  the 
device  which  then  becomes  one  of  the  basic  design  variables.  The 


5090-Fhase  II  Final 


7 


above  approach  represents  a  very  definite  break  with  conventional  MPD 
arc  technology.  In  particular,  the  approach  of  AVCO-Everett  and 
AVCO-RAD  appears  to  be  that  of  promoting  electron  conduction  only  and 
thus  having  almost  all  of  the  discharge  current  cross  between  anode 
and  cathode  very  close  to  the  electrodes  (Refs.  4  and  5),  thus  justi¬ 
fying  the  name  MPD  arc.  The  evolution  of  the  ALPHA  concept  from 
earlier  work  at  EOS  on  MPD  arc  technology  now  raises  the  possibility 
of  a  dual  approach  to  the  design  of  steady-state  plasma  thrustors, 
reminding  one  of  the  state  of  affairs  in  ion  engine  development,  where 
contact  ion  engines  compete  with  bombardment  ion  engines. 
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SECTION  II 


SUMMARY 

During  this  phase  of  the  ptugram  a  number  of  significant  advances 
have  been  made  in  the  technology  of  steady-state  plasma  thrustors.  The 
effects  of  the  testing  environment  upon  the  measured  performance  have 
been  intensively  investigated  and  criteria  developed  for  determining 
when  the  measurements  can  be  relied  upon.  The  performance  of  potassium 
propellant  has  been  investigated  and  found  to  be  comparable  to  that  of 
lithium  at  low  specific  impulse  and  worse  at  higher  specific  impulses. 
This  is  tentatively  explained  by  multiple  ionization  of  the  potassium. 

Two  major  modifications  to  the  design  of  the  engine  have  been 
made.  First,  the  cylindrical  cathode  has  been  replaced  by  a  buffered 
cathode  w*th  separate  propellant  injection.  A  fairly  extensive  experi¬ 
mental  program  was  required  to  effect  this  change.  The  advantages 
gained  are  as  follows: 

1.  A  small  cross-section  for  cathode  attachment  is  maintained, 
thus  producing  more  thrust  per  unit  current,  and  also  less 
power  loss  per  unit  current  to  the  cathode. 

2.  The  discharge  is  moved  away  from  the  Insulator  between  the 
cathode  and  anode,  thus  greatly  increasing  the  lifetime  of 
the  insulator. 

3.  The  cathode  jet  is  made  an  independent  entity,  thus  helping 
to  separate  the  ionization  and  acceleration  processes. 

Second,  the  region  of  strong  magnetic  field  has  been  extended 
downstream  by  placing  a  second  coil  on  the  engine.  This  has  accomp¬ 
lished  the  following  results: 

1.  The  magnet  power  required  to  obtain  good  engine  performance 
has  been  reduced  by  a  factor  of  almost  five.  It  is  now 
possible  to  operate  a  20  kW  arc  with  under  5  kW  in  the  magnet. 
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2.  The  remits  of  adding  the  magret  indicate  that  the  concept 
of  separating  the  acceleration  and  ionization  processes  by 
increasing  the  interaction  distance  may  be  valid  and  that 
significant  advances  can  be  made  by  pursuing  this  approach. 
With  the  present  configuration,  it  has  been  possible  to  ob¬ 
tain  an  overall  efficiency  (including  magnet  power)  of  about 

45  percent  at  an  I  of  6000  sec. 

•P 

The  lithium  test  facility  has  undergone  major  changes  during  this 
phase.  The  vacuum  tank  has  been  increased  in  length  by  a  factor  of  two. 
Simultaneously,  store  diffusion  pumps  have  been  added  to  the  tank3  so 
that  the  background  pressure  has  been  reduced  by  almost  an  order  of 
magnitude  during  a  typical  test.  The  thrust  balance  has  been  modified 
to  reduce  tare  and  interaction  forces.  This  allows  us  to  measure  the 
thrust  with  an  accuracy  of  about  ±2  percent. 

A  design  for  a  new  high  capacity  feed  system  has  been  developed. 
Preliminary  tests  Indicate  that  this  feed  system  will  work  reliably  for 
periods  of  over  100  hours  and  give  accurate,  continuous,  flow  rate 
measurements,  at  levels  around  10  mg/sec. 

A  theory  has  been  developed  for  one  specific  mode  of  operation  of 
the  accelerator,  characterized  by  the  use  of  an  alkali  metal  as  pro¬ 
pellant,  by  energy  transfer  mechanisms  involving  Hall  current  inter¬ 
actions,  and  by  ion  conduction  rather  than  electron  conduction  aero  is 
magnetic  field  lines.  In  order  to  differentiate  a  thrustor  operating 
in  this  mode  from  other  types  of  MPD  arc  jets  and  to  underscore  the 
evolutionary  advances  which  it  embodies,  this  thrustor  has  been  termed 
ALPHA  (ALkall  Plasma  Hall  Accelerator).  Calculations,  based  upon  the 
theory,  indicate  that  significant  improvements  can  be  made  over  present 
engine  performance.  Equally  important,  the  theory  gives  design  param¬ 
eters  that  can  be  tested  and  then  used  in  the  development  of  optimum 
thrustors . 
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SECTION  III 


THEORY  AND  MECHANISMS 


1 .  INTRODUCTION 

Analysis  has  been  completed  for  several  isolated  features  of  the 
Hall  current  accelerator.  The  Hall  current  accelerator,  or  MPD  arc, 
has  two  concentric  electrodes  in  a  magnetic  field  coil,  a  propellant 
feed,  and  sometimes  a  nozzle.  In  spite  of  this  simple  construction, 
the  physical  processes  which  occur  are  very  complex.  So  far  no  com* 
plete  analysis  of  all  mechanisms  exists. 

Thrust  comes  from  at  least  three  mechanisms  which  can  be  identi¬ 
fied.  The  proportion  of  thrust  of  the  several  types  will  vary  with 
the  experimental  conditions.  Thrust  can  arise  due  to: 

1.  Heating  and  expansion  through  a  nozzle. 

2.  Interaction  of  the  currents  with  the  applied  magnetic  field. 

3.  Interaction  of  the  currents  with  the  induced  magnetic  field. 

In  addition  to  the  real  r.osq>Iexlty  due  to  the  distinct  processes  caus¬ 
ing  thrust,  there  can  be  more  than  one  way  to  describe  the  sssm  thrust. 
As  an  example,  electrostatic  acceleration  of  ions  through  trapped  elec¬ 
trons  can  be  the  same  as  interaction  of  induced  azimuthal  currents  with 
toe  applied  magnetic  field.  In  this  report,  attention  has  been  focused 
upon  a  mode  of  operation  in  which  most  of  the  thrust  is  due  to  an  inter¬ 
action  of  induced  azimuthal  currents  with  the  applied  magnetic  field. 

The  electrodes  are  important  since  they  are  a  major  area  of  power 
loss,  the  primary  factor  for  determining  lifetime,  and  a  factor  in  the 
ionization  efficiency.  Electrode  behavior  is  complicated  by  the  fact 
that  attachment  may  be  nearly  a  point  or  diffuse.  The  complete  solu¬ 
tion  for  electrodes  is  not  available,  but  results  show  that  point 

attachment  to  the  cathode  will  result  in  less  power  loss. 
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2.  ACCELERATION  MECHANISMS 


The  ability  of  axisymmetric  Hall  current  plasma  accelerators  to 
produce  significant  amounts  of  thrust  has  definitely  been  established. 
However,  the  mechanisms  by  whuh  the  propellant  is  accelerated  are 
still  not  completely  understood,  making  it  difficult  to  design  optimum 
engines.  Some  general  considerations  of  this  problem  are  discussed 
below  and  one  mechanism  is  identified  as  that  most  likely  responsible 
for  the  axial  acceleration  of  the  pas ,  which  results  in  the  production 
of  thrust. 

A  few  general  rules  that  are  of  value  in  guiding  the  discussion 
are  listed  below: 

1.  Thru  l.  is  produced  only  by  the  expulsion  of  high-velocity 
part  icles  from  the  thrustor.  In  electromagnetic  devices 
these  particles  must  be  predominantly  ions.  These  ions  will 
be  accompanied  by  an  equal  number  of  electrons  moving  at  the 
same  exhaust  velocity.  Because  of  their  low  mass,  the  elec¬ 
trons  do  not  make  any  significant  contribution  to  the  momen¬ 
tum  of  the  exhaust  beam. 

2.  The  ions  can  attain  high  axial  velocities  through  the  fol¬ 
lowing  mechanisms: 

a.  Conversion  of  ion  enthalpy  into  kinetic  energy  by 
expansion  through  a  mechanical  or  a  magnetic  nozzle. 

b.  The  conversion  of  ion  azimuthal  energy  into  axial 
kinetic  energy  by  expanding  the  rotating  plasma 
through  a  magnetic  nozzle. 

c.  Acceleration  of  the  ions  through  an  applied  axial 
potential  when  either  radial  or  azimuthal  magnetic 
fields  are  present. 

d.  Acceleration  of  the  ions  through  an  axial  potential 
drop  which  is  supported  by  an  electron  pressure  gra¬ 
dient.  Except  for  elastic  collisions,  this  is  the 
only  mechanism  through  which  electron  energy  can  be 
transferred  to  the  ions  and  j.s,  by  far,  the  most 
effective  at  low  number  densities. 
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3.  When  an  electric  discharge  occurs  such  that  the  current 
flows  along  axial  magnetic  field  lines,  no  momentum  in  the 
axial  direction  is  transferred  between  the  plasma  and  the 
electromagnetic  field.  The  energy  dissipated  in  such  a 
discharge  is  all  transferred  originally  into  the  internal 
energy  of  the  electrons. 

4.  In  the  discharge  region  ions  are  produced  by  inelastic  col¬ 
lisions  of  atoms  and  electrons.  The  electrons  gain  the 
energy  necessary  to  ionize  the  gas  by  carrying  some  fraction 
of  the  discharge  current. 

In  discussing  the  thrust-producing  mechanisms,  it  is  convenient 
to  divide  the  discharge  into  two  regions,  the  cathode  jet  and  the  anode 
sheath.  The  cathode  jet  and  anode  sheath  are  those  regions  of  the 
discharge  emanating  from  the  electrodes  and  following  the  direction  of 
the  magnetic  field.  These  distinct  current-carrying  regions  are  visi¬ 
ble  and  their  existence  has  been  verified  by  measurement  of  the  axial 
current  distribution  across  and  along  the  discharge. 

a.  The  Anode  Sheath 

The  acceleration  mechanisms  in  the  anode  jet  can  most  con¬ 
veniently  be  investigated  by  assuming  that  all  of  the  mass  in  the  anode 
jet  leaves  the  anode  through  a  thin  annulus  in  the  anode  front  face  at 
a  radius  of  .  We  shall  also  assume  that  the  gas  is  fully  ionized 
as  it  leaves  the  anode.  The  analysis  of  the  anode  sheath  Indicates 
that  it  cannot  grow  faster  than  the  magnetic  field.  Since  the  mag¬ 
netic  field  diverges  slowly  near  the  anode,  little  loss  of  accuracy 
occurs  if  we  assume  the  discharge  occurs  in  a  uniform  magnetic 
field  followed  by  a  diverging  field  or  "magnetic  nozzle". 

Because  of  the  low  density  of  the  gas  in  the  anode  sheath  a 
.egligible  amount  of  the  energy  transferred  out  of  the  electric  dis¬ 
charge  is  in  the  internal  energy  of  the  ions  as  they  enter  the  cathode 
jet.  This,  then,  indicates  that  for  the  gas  in  the  anode  sheath,  the 
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energy  ie  originally  almost  all  transferred  into  the  rotational  energy 
of  the  gas  in  the  discharge  region.  As  the  gas  then  expands  through 
the  magnetic  nozzle  and  conserves  angular  momentum,  a  large  fraction 
of  thia  energy  can  be  converted  into  axial  kinetic  energy.  If  this 
id  indeed  the  mechanism  by  which  most  of  the  thrust  is  produced  by  the 
engine,  then  some  of  the  consequences  would  be: 

1.  When  some  of  the  current  in  the  anode  sheath  is  carried  by 
electrons  the  ions  will  be  spun  up  to  velocities  such  that 

;  v2  >  | .  |  vA 

where  is  the  potential  drop  which  occurs  along  the  anode 
sheath.  This  gives  a  logical  and  believable  mechanism  by 
which  the  gas  exhaust  energy  per  particle  can  be  greater 
than  would  be  obtained  by  falling  through  the  arc  potential 
drop. 

2.  The  propellant  should  be  injected  through  the  anode. 

3.  The  propellant  should  be  ionized  as  near  the  anode  as  is 
possible,  preferably  inside  of  the  anode. 

At  this  point  in  the  discussion  it  is  of  value  to  ask  what 
role  the  Hall  currents  play  in  the  acceleration  mechanism  postulated 
above.  First,  the  azimuthal  electron  drift  which  comprises  the  Hall 
currents  occurs  because  of  the  poor  mobility  of  the  electrons  across 
the  axial  magnetic  field.  In  order  to  draw  a  radial  current  the  radial 
electric  field  is  thus  strengthened  to  the  point  where  any  ions  that 
are  produced  in  the  anode  sheath  are  accelerated  through  the  radial 
potential  drop  and  thus  can  conduct  an  appreciable  fraction  of  the 
current.  This  ion  energy,  which  is  gained  directly  from  the  radial 
electric  field,  appears  as  rotational  energy  of  the  ions  due  to  the 
turning  effect  of  the  axial  magnetic  field.  The  first  effect  of  the 
Hall  currents  is  thus  to  produce  a  radial  electric  field  and  to  make 
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possible  ion  conduction  so  that  momentum  and  energy  can  be  transferred 
directly  from  the  electromagnetic  field  into  the  azimuthal  motion  of 
the  ions.  Because  of  the  centrifugal  force  on  the  ions  they  will  never 
spin  up  to  an  azimuthal  velocity  as  high  as  that  of  the  electrons , 
which  is  probably  quite  close  to  the  local  value  of  |  E^/ |.  This 
insures  that  Hall  currents  will  always  flow,  even  when  particle  mean 
free  paths  are  very  large  compared  to  the  diameter  of  the  jet.  A 
second  effect  of  the  Hall  currents  upon  the  acceleration  mechanisnts 
occurs  precisely  because  the  electrons  are  spinning  faster  than  the 
ions,  i.e.,  azimuthal  momentum  is  transferred  from  the  electrons  to 
the  ions  through  colliaons.  This  insures  that  the  ion  energy  is  greater 
than  what  it  gains  by  dropping  through  the  radial  potential  drop. 

The  fact  that  the  Hall  currents  are  responsible  for  putting 
the  energy  and  momentum  initially  into  ion  rotation  rather  than  into 
axial  velocity  should  not  deter  us  from  considering  the  device  as  pri¬ 
marily  a  Hall  current  accelerator.  Also,  most  of  the  observations  and 
measurements  made  so  far  upon  MPD  arc  devices  can  be  explained  through 
Hall  currents  producing  the  accelerations  discussed  above.  For  this 
reason,  it  is  believed  that  an  analytic  investigation  based  upon  the 
action  of  the  Hall  currents  is  likely  to  be  much  more  useful  than 
attempts  to  develop  other  explanations  for  the  performance  capabilities 
of  MPD  arc  devices. 

An  analysis  of  the  anode  sheath  of  sufficient  density  for 
many  collisions  to  occur  has  been  completed  and  reported  in  Ref.  6. 

A  mode  of  operation  with  no  collisions  (other  than  for  ionization)  is 
theoretically  possible.  Ions  formed  near  the  anode  are  electrostati¬ 
cally  accelerated  through  the  magnetic  field  to  the  exit  region.  Elec¬ 
trons  are  emitted  at  the  cathode  and  can  leave  with  the  ions  without 
crossing  the  magnetic  field.  Sufficient  electrons  are  present  thrdugh- 
out  the  volume  to  keep  the  plasma  neutral. 

For  the  collisionless  case  the  equations  of  motions  for 
individual  particles  can  be  written,  and  (except  for  algebraic  diffi¬ 
culties)  integrated.  This  requires  knowledge  of  the  magnetic  and 
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electric  fields.  For  low  density  operation  it  is  valid  to  assume 
that  the  magnetic  fields  are  unperturbed  from  those  supplied  by  ex¬ 
ternal  magnets.  The  same  is  not  true  for  electric  fields  which  can  be 
greatly  affected  by  space  charges  even  at  low  density.  Hence  the  ap¬ 
proach  is  to  model  the  electric  fields  such  that  the  electric  potential 
matches  the  applied  potential  at  the  electrodes. 

If  the  applied  potential  is  great  enough,  it  is  possible  for 
an  ion  to  escape  the  field  without  any  collisions.  It  is  possible  to 
mathematically  eliminate  the  azimuthal  motion  from  the  equations,  and 
to  introduce  a  pseudo-potential  for  the  r-z  motion  that  involves  the 
centrifugal  and  magnetic  effects.  For  the  r-z  motion  the  ion  acts  as 
if  it  were  under  the  Influence  of  the  applied  potential  plus  the  pseudo- 
potential.  The  pseudo-potential  is  a  barrier  which  must  be  crossed  for 
the  particle  to  escape.  A  necessary  condition  for  an  ion  to  escape  is 
that  the  applied  potential  drop  is  greater  than  the  pseudo-potential 
rise  for  all  points  along  the  trajectory.  This  can  always  be  done  by 
making  the  applied  potential  sufficiently  large. 

When  the  particle  density  is  sufficiently  low  that  short 
range  encounters  may  be  neglected,  charged  partlclez  Interact  only 
through  the  average  induced  fields,  and  the  motion  of  each  particle 
can  be  found  from  Newton's  law.  When  there  is  axial  symmetry,  the 
azimuthal  equation  of  motion  can  be  integrated,  and  the  radial  and 
axial  equations  simplified.  This  is  useful  either  as  an  aid  for  find¬ 
ing  the  exact  solution  or  for  Increasing  our  understanding  or  Intuition. 

The  derivation  is  not  original  (see,  for  example,  Ref.  7). 

A  brief  outline  follows.  For  the  motion  of  a  charged  particle  in 
steady  axisyranetrlc  field  the  equations  of  motion  are: 

m(r  -  r42)  -  e  (Er  +  r^  -  zBg)  (1) 


m(r«  +  2r0)  -  £  (zBr  -  rB^) 

t  z  -  e  (Ez  +  rBg  -  r$  Br> 
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The  equations  have  been  written  in  cylindrical  coordinates.  Because 

of  the  assumption  for  the  fields  of  axial  symmetry  (d/d9  *  0)  and 

steady  (d/dt  *0),  it  follows  that  E  ■  -d/dr,  E  -  0,  E  ■  -d/dz, 

r  u  z 

B  ■  -dAQ/dz  and  B  *  d(rA0)/r  dr).  The  scalar  potential  $(r,  z)  and 
r  u  z  0 

the  azimuthal  component  of  the  vector  potential  A  (r,  z)  give  all 

9 

radial  and  axial  electromagnetic  fields.  Equation  2  can  be  integrated 
to  give  the  angular  momentum  integral 

mr20  +  erAQ  *  PQ  (4) 


where  the  canonical  angular  momentum  P0  is  a  constant  along  any  tra¬ 
jectory.  Equation  4  can  be  solved  for  6,  and  0  can  be  eliminated  from 
Eqs.  1  and  3  to  give  (after  some  calculus) 


mr 


14  .  3H  . 

dr  “  or 


ez  B, 


(5) 


and 


mz 


-e 


1*  .  & 

dz  dz 


+  ef  B0 


where 

H  -  (PQ  -  erA0)2/2mr2  -  f  (r0)2 


(6) 

(7) 


In  Eqs.  5  and  H(r,  z)  plays  the  role  of  a  potential),  and  hence  will 
be  called  a  pseudo-potential  (or  effective  potential)  .  Equations  3 
and  6  allow  solution  for  the  r  and  z  motion  without  specifically  con¬ 
sidering  0  motion. 

The  azimuthal  motion  effects  upon  the  r-z  motion  are  pro¬ 
vided  by  the  pseudo-potential  H.  These  include  the  centrifugal  and 
the  Lorentz  forces  due  to  azimuthal  velocity.  The  Lorentz  forces 
£B0  and  rB0  in  Eqs.  3  and  6  do  not  come  as  gradients  of  the  pseudo¬ 
potential.  One  other  feature  of  H  is  that  it  depends  not  only  upon 
the  spatial  location,  but  also  upon  the  initial  condition  for  the 
particle.  Thus  two  particles  which  pass  through  the  same  point  may 
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not  have  the  seme  pseudo-potential.  The  advantage  of  introducing  the 
pseudo-potential  is  that  it  allows  solution  of  a  3  dimensional  motion 

(Eqs.  1  to  3)  as  a  two  dimensional  problem  (Eqs.  5  to  6). 

The  energy  Integral  of  Eqs.  5  and  6  is 

f  (r2  +  z2)  +  e$  +  H  -  Eo,  (8) 

where  Eq  Is  a  constant.  Further  integrals  require  knowledge  of  the 
detailed  form  for  #,  H  and  B0. 

The  analogy  of  a  ball  rolling  on  a  hilly  surface  in  a 
gravity  field  is  helpful  for  visualizing  the  motion.  Since  the  pic¬ 
ture  is  a  bit  more  difficult  when  the  Bq  term  is  included,  we  shall 

neglact  Bft  in  what  follows.  (It  could  have  been  included  by  having  a 

charged  ball  roll  on  a  surface  which  has  a  vertical  magnetic  field.) 
Equations  5  and  6  are  analogous  to  the  equations 

mr  -  -mg  (9) 

oz  -  -mg  ^  (10) 

for  a  rolling  ball,  where  h  is  the  altitude  and  dh/dr  and  dh/dz  should 
be  small  compared  to  one.  In  the  analogy  we  should  not  consider  the 
effects  of  angular  inertia  of  the  ball,  increased  path  length  due  to 
slope,  etc.  The  vertical  velocity  of  the  rolling  ball  has  no  relation¬ 
ship  to  the  azimuthal  velocity  of  the  charged  particle.  Finally  since 
the  shape  of  the  hill  depends  upon  the  initial  position,  two  particles 
moving  through  the  same  volume  may  see  quite  different  hills  in  the 
analogy. 

To  understand  the  acceleration  in  an  accelerator,  we  must 
examine  the  pseudo-potential  of  a  charged  particle  moving  in  the  mag¬ 
netic  field  of  a  magnetic  coil.  The  pseudo-potential  depends  upon 
magnetic  field,  initial  angular  momentum,  charge  and  mass  of  a  particle 
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(Eq.  7).  A  visualization  of  this  potential  is  helpful  to  understand 

the  motion  of  charged  particles.  In  this  section  the  topology  will 

be  discussed.  A  typical  example  is  shown  in  Figure  1.  The  first 

feature,  which  would  occur  without  any  magnetic  field  or  charge,  is 

2 

a  zone  of  potential  which  approaches  infinity  as  1/r  as  r  tends  to 
zero.  A  second  feature  is  that  it  is  always  positive  or  zero.  Since 
the  quantity  Pa  *  erA  will  be  positive  in  some  areas  and  negative  in 
other  areas,  a  line  where  H  equals  zero  exists.  Thus  "the  valley 
floors  are  flat".  These  lines  of  zero  pseudo-potential  follow  mag¬ 
netic  field  lines  since  they  occur  where  erAg  is  constant  (- 
rAg  is  constant  along  a  magnetic  field  line.  The  other  contour  lines 
do  not  follow  the  field  lines.  The  altitudes  Involved  are  inversely 
proportional  to  the  mass  of  the  particle.  There  is  a  ridge  xlne  of 
high  potential  surrounding  the  coll  which  serves  as  a  barrier  to  stop 
particles  from  escaping. 

An  ion  can  escape  from  a  magnetic  field  either  with  suffi¬ 
cient  velocity,  or  with  sufficient  potential  change.  This  follows 
from  the  fact  that,  except  for  a  singularity  along  the  axis,  the  pseudo^ 
potential  goes  to  zero  at  large  distances.  The  solenoidal  magnetic 
field  due  to  colls  of  finite  size  has  an  asymptotic  form  of  a  dipole, 
for  which  the  vector  potential  rA.  goes  to  zero  in  all  directions  at 

W 

great  distance  from  the  coil.  Thus  at  large  distance,  the  only  part 
of  the  pseudo-potential  which  remains  is  the  part  which  produces 
centrifugal  forces.  Thus  the  Lorentz  forces  (gradients  of  the  pseudo¬ 
potential)  die  off  sufficiently  rapidly  that  only  a  finite  amount  of 
energy  is  necessary  to  inifinity.  The  barriers  in  the  close  field  are 
all  of  finite  height. 

The  primary  difference  between  electrons  and  ions  for  escape 
is  the  large  mass  difference.  For  equal  field  strengths  and  initial 
locations  and  velocities,  the  pseudo-potential  gradients  for  electrons 
are  larger  than  those  for  the  ions,  by  the  inverse  of  the  mass  ratio. 


P9)  «nd 
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Figure  1  Typical  Contour  Lines  of  Constant  Pseudo-Potential  For  a  Magnetic  Cc.il 


Thus  the  "hills"  which  trap  the  electrons  are  much  "higher".  It 
would  take  several  thousand  times  as  much  electrical  potential  drop 
to  make  an  electron  escape  as  an  ion,  except  for  electrons  introduced 
along  the  axis  which  do  need  to  cross  fields  to  get  to  large  distances. 

The  effect  of  an  occasional  collision  can  be  explained  by 
the  change  the  collision  produces  in  the  pseudo-potential.  The  canon¬ 
ical  angular  momentum  P  which  is  constant  between  collisions  may  be 
changed  by  a  collision.  Thus  after  any  collision  the  location  of  the 
valley  will  change.  This  explains  how  electrons  can  cross  the  field, 
since  even  though  they  are  trapped  in  very  deep  valleys,  the  valleys 
are  swept  across  the  field  as  a  result  of  collisions. 

This  explanation  of  a  collisionless  mechanism  describes  a 
Limiting  case  of  operation  which  is  probably  not  typical  of  the  actual 
operation  of  Hall  accelerators. 

b.  The  Cathode  Jet 

Recent  investigations  indicate  that  the  cathode  Jet  is  an 
important  zone  where  much  of  the  energy  addition  occurs.  Early  state¬ 
ments  made  during  the  evolution  of  the  theory  were  to  the  effect  that 
the  cathode  Jet  was  primarily  a  virtual  electrode,  and  the  only  thriist 
produced  in  the  cathode  Jet  is  that  due  to  the  confining  force  of  the 
self-magnetic  field  creating  a  pressure  which  reacts  on  the  cathode  to 
produce  thrust.  It  is  now  felt  that  much  energy  is  added  in  the  form 
of  rotation  and  Internal  energy  (which  will  become  thrust  in  the  mag¬ 
netic  nozzle)  and  that  pressure  is  supported  by  a  radial  diffusion 
across  the  applied  magnetic  field.  A  discussion  of  the  mechanisms  is 
given  in  Appendix  II  for  the  case  of  a  high  density  cathode  jet. 

3.  ELECTRODE  MECHANISMS 

a.  Cathode  Mechanisms 

The  current  can  be  carried  into  the  cathode  by  either  ion 
bombardment  or  electron  emission.  For  the  latter  process  to  occur 
the  cathode  requires  a  heat  source  to  "boil  off"  the  electrons.  In 


5090-Phase  II  Final 


21 


practical  accelerators  both  processes  are  occurring  simultaneously. 
However,  in  most  cathode  configurations  it  is  likely  that  one  proc>.ss 


will  be  dominant  and  hence  control  the  nature  of  the  cathode  attach¬ 


ment  region.  Care  should  be  exercised  in  cathode  design  to  insure 
that  both  mechanisms  are  not  equally  likely  to  occur,  since  unstable 
or  oscillatory  cathode  attachment  might  result. 

Although  criteria  that  can  be  used  to  identify  the  cathode 
mechanism  are  not  well  defined,  the  following  shall  be  used. 

1.  If  the  attachment  is  diffuse,  the  process  is  dominated  by 


ion  bombardment. 


2.  If  a  point  attachment  occurs,  the  process  is  dominated  by 


electron  emission. 


In  our  accelerators,  which  have  extended  cylindrical  cathodes, 
it  is  observed  that  the  cathode  attachment  occurs  on  the  outer  cylindri¬ 
cal  surface;  hence  it  is  dominated  by  ion  bombardment.  This  ion  bom¬ 
bardment  energy  is  partly  conducted  away  and  partly  used  up  on  electron 
thermionic  emission.  Because  of  the  geometry,  most  of  the  ion  energy 
is  conducted  away  and  a  large  fraction  of  the  current  must  be  carried 
by  the  ions.  Calculations  indicate  that  the  cathode  power  loss  for 
this  case  is  many  times  larger  than  for  a  point  attachment  cathode 
carrying  the  same  current.  Also,  the  ion  current  used  to  heat  the 
cathode  does  not  produce  any  thrust,  hence  the  thrust  per  unit  current 
for  an  ion  bombardment  cathode  will  be  considerably  lower  than  for  a 
polht  attachment  cathode  used  in  fi  similar  engine  configuration.  These 


considerations  indicate  that  considerable  effort  should  be  made  to 


develop  a  reliable  point  attachment  cathode. 

Considerable  analysis  has  been  made  of  some  Idealized  models 
of  accelerator  cathodes.  The  Important  phenomena  of  electron  emission, 
cathode  heating,  and  cathode  heat  loss  have  all  been  incorporated  into 
the  analysis.  It  was  concluded  that  one  of  the  most  important  aspects 
of  the  "stability"  of  the  attachment  is  the  radial  equilibrium  of  the 
ions.  In  a  point  attachment,  the  self-magnetic  forces  can  be  large 
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enough  to  accelerate  the  tons  away  from  the  cathoae  tip  as  the  cathode 
jet  expands.  The  tons  then  move  against  the  electric  field  and  have 
an  outward  force  exerted  on  them  even  though  the  net  radial  body  force 
or  pinch  is  radially  inward. 

b.  Cathode  Heat  Transfer  Calculations 

To  improve  the  efficiency  and  lifetime  of  arc  jet  cathodes 
it  is  important  to  determine  the  mode  of  cathode  arc  attachment  which 
results  in  the  smallest  power  losses.  Basically  the  problem  may  be 
divided  into  two  categories:  geometry  of  attachment,  and  form  of 
the  energy  distribution  over  the  surface  of  the  attachment  region. 

A  comparison  was  made  between  a  cylindrical  "ring"  attach¬ 
ment  and  a  "conical  tip"  attachment.  It  was  assumed  that  both  regions 
pass  the  same  total  current  and  operate  at  the  same  surface  tempera¬ 
ture  (e.g. ,  the  melting  point  of  tungsten).  The  results  (derived  in 
Appendix  III)  indicated  that  the  loss  of  power  to  the  cethode  cooling 
water  is  smaller  for  conical  tip  attachment  than  for  ring  attachment. 
The  numerical  value  of  the  power  ratio,  p^^/p^  ,  upon  the 

half-angle  of  the  cone  and  the  radius  of  the  cathode.  The  results 
(see  Figure  2)  show  that  for  8  ■  90°  (i.e.,  flat-ended  cylinder),  this 
ratio  is  less  than  1/2  and  for  0  ■  45°,  it  is  less  than  1/4.  The 
analysis  predicts  a  ratio  of  zero  in  the  limit  0  0,  but  it  is 

expected  that  this  heat-conduction  model  is  not  valid  in  this  limit 
since  convective  effects  a-e  certainly  important  for  the  case  of  a 
long,  slender  cone. 

A  comparison  was  also  made  between  the  two  limiting  cases  of 
energy  distribution  over  a  cylindrical  attachment  region;  a  delta 
function  energy  input  (i.e.,  a  "ring"  attachment  of  infinitesimal 
thickness),  and  a  uniform  energy  input  over  the  entire  surface.  These 
were  chosen  because  the  equations  could  be  readily  solved  and  the 
actual  physical  situation  was  felt  to  be  somewhere  between  these 
limits. 
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The  power  loss  for  the  deltf.  function  distribution  is  less 

than  that  for  the  uniform  distribution  (see  Appendix  III).  The  exact 

power  ratio,  P,  ,  /P  .  ,  ,  depends  upon  the  applied  arc  potential, 

delta  uniform 

the  surface  work  function  and  a  complicated  integral  involving  the 
uniform  energy-distribution.  A  rough  approximation  of  this  integral 
indicates  that  the  power  loss  for  the  delta  function  case  can  be  con¬ 
siderably  smaller  than  that  for  the  uniform  case  under  typical  arc 
jet  conditions. 

These  results  therefore  indicate  that  the  best  possible 
cathode  attachment  mode  is  a  point  attachment  on  a  conical  cathode. 
Previous  experimental  results  appear  to  confirm  these  conclusions. 

c.  Anode  Attachment 

Investigations  are  being  made  to  determine  the  relation 
between  the  anode  attachment  and  the  Ionization  phenomena.  The  possi¬ 
bility  of  producing  a  significant  percentage  of  the  Iona  Inside  of  the 
anode  is  being  studied.  If  the  anode  is  run  hot,  e.g.,  about  3000°K 
near  the  attachment  region,  it  is  possible  to  create  a  reasonable 
equilibrium  ionization  level  in  the  propellant  vapor  as  it  passes 
through  the  anode.  If  the  passage  is  placed  parallel  to  the  magnetic 
field,  then  the  ions  can  be  exhausted  from  the  anode  with  the 
propellant. 

An  expression  for  the  anode  heat  loss  has  been  derived  which 
depends  upon  the  gas  properties  and  the  specific  impulse  at  which  the 
engine  is  being  operated. 

Using  a  simple  model  of  the  anode  sheath  it  is  possible  to 
derive  the  following  expression  for  the  power  loss  to  the  anode 


where 


P. 

A 


10  T  - 
—  T  w 

3  ♦ 


T  -  thrus t 

w  ■  average  axial  velocity  of  the  gas  near  the  anode. 

This  expression  exhibits  most  of  the  characteristics  observed  for  the 
anode  power  loss,  provided  that  if  is  interpreted  as  the  "effective" 
value  of  if. 
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SECTION  IV 


FACILITY  MODIFICATIONS 

1.  IMPROVEMENTS  OF  MEASUREMENT  TECHNIQUES 

During  this  second  phase  of  the  contract  improvements  have  been 
made  in  the  accuracy,  reliability  and  ease  of  operation  of  the  propel¬ 
lant  feed  system  that  thrust  measurement  system  (thrust  balance).  Hie 
objective  has  been  to  achieve  2  percent  or  less  probable  error  in  the 
measurements  of  thrust  and  propellant  mass-flow-rate.  These  efforts 
and  the  results  obtained  to  date  are  presented  below.  Additionally, 
the  status  of  development  of  a  feed  system  with  much  larger  capacity, 
needed  for  future  endurance  tests  is  presented.  The  bellows  design  is 
not  adequate  for  the  high-capacity  system  and  a  modified  concept  dis¬ 
cussed  below  is  under  development. 

a.  Bellows  Feed  System  Calibration 

The  bellows  feed  system  calibration  included  a  measurement  of 
the  effective  displacement  area  of  the  bellows  as  a  function  of  its 
length,  determination  of  the  rate  of  change  of  th  s  bellows  volume  with 
respect  to  pressure  differential  (i.e.,  actuator  force),  and  a  measure¬ 
ment  of  the  bellows  spring  force  as  a  function  of  its  length.  These 
calibrations  used  the  apparatus  described  in  Ref.  1.  The  necessity  of 
these  measurements  is  evident  from  the  following  equation  which 
expresses  the  mass-flow-rate  of  propellant  leaving  the  bellows: 

m  ■  dt  ■  + 

where 

m  ■  mass  in  bellows 

x  ■  (l  -  ■  displacement  of  bellows 

V  ■  V(x,  F*)  ■  volume  of  bellows 
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p  ■  density  of  liquid  in  bellows 
f  ■  temperature  of  liquid  in  bellows 


t  “  time 

v*  ■  p  -  p  ■  (bellows  actuator  force)  -  (bellows  spring  force) 

•  *  m 

The  first  term  is  the  principal  one  and  the  coefficient 
is  the  effective  piston  area  of  the  bellows.  The  second  term  is  due  to 
the  deflection  of  the  convolutions  of  the  bellows  under  the  pressure 
force.  The  third  term  represents  the  effect  of  thermal  expansion  (pri¬ 
marily  of  the  propellant). 

The  second  term  expands  to: 


IJSL 

dF 

a 

dF 

+  — i 

is 

\  dF* 

dt 

dx 

dt 

The  factors  determined  by  calibration  were: 


-  effective  piston  area 
dx 

m  volume  displacement  due  to  pressure  differential 

dF* 

dF 

-—2-  «  bellows  spring  constant 
dx 

The  flow  rate  is  obtained  by  measuring  the  actuation  rate,  dx/dt,  and 
the  actuator  force  rate  dF#/dt.  The  force  rate  is  measured  from  a 
strip  chart  recording  of  the  output  of  the  actuator  force  transducer. 
It  should  be  noted  that  the  force  rate  term  is  a  "correction"  term  - 
usually  small  compared  to  the  first  term.  The  therms'  expansion  term 
is  kept  small  by  precise  control  of  the  temperature  -  accomplished 
with  the  aid  of  a  two-phase  tin  constant- temperature  bath  surrounding 
the  feed  system. 

Figures  3,  4,  and  5  show  the  calibration  results  in  terms  of 
volume  as  a  function  of  displacement,  volume  change  as  a  function  of 
actuator  force,  and  spring  force  as  a  function  of  displacement. 
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Note  that  naar  the  fully-compressed  poaltion  all  of  these  become  non¬ 
linear.  For  best  accuracy  this  nonlinear  region  should  not  be  used 
in  testing.  The  calibration  factors  have  been  determined  to  an 
accuracy  of  2  percent  or  better. 

b.  Vaporizer  for  Bellows  Feed  System 

The  function  of  the  vaporizer  is  to  localize  and  stabilize 
the  process  of  evaporation  which  must  occur  as  the  liquid  flows  from 
the  feed  system  into  the  arc.  Previous  work  made  no  special  provi¬ 
sions  to  control  the  location  of  vaporization  but  depended  upon  the 
liquid  vaporizing  as  it  flowed  into  the  hot  anode.  This  had  the 
advantage  of  simplicity  and  more  effective  regenerative  cooling.  How¬ 
ever,  the  vaporization  was  frequently  unstable  and  the  flow  into  the 
arc  would  pulsate.  An  additional  bad  feature  of  vaporization  in  the 
anode  was  the  frequent  occurrence  of  "flooding"  at  the  beginning  of 
runs  when  an  excessive  amount  of  liquid  would  flow  into  the  space 
between  cathode  and  anode. 

These  difficulties  have  been  relieved,  at  least  with  potas¬ 
sium  propellant,  by  the  vaporizer  shown  in  Figure  6.  The  essential 
feature  of  this  vaporizer  is  a  steep  temperature  gradient  which  local¬ 
izes  and  stabilises  the  vapor  front  in  the  porous  plug,  lha  temperature 
gradient  results  from  the  heating  colls  located  on  the  upper  end,  the 
low  heat  conductance  of  the  tube-porous-plug  assembly,  and  the  radia¬ 
tion  from  the  exposed,  unheated  section  of  the  vaporizer. 

Another  feature  of  this  system  is  that  it  operates  at  low 
pressures  (a  few  psl).  Thus,  changes  and  rates  of  change  of  pressure 
with  respect  tr  time  are  low,  and  the  force-rate  correction  term 
(second  term  in  Eq.  11)  is  small.  This  enhances  the  accuracy  of  mass- 
flow-rate  measurements. 

Though  this  vaporizer  in  combination  with  the  bellows  feed 
system  operated  satisfactorily  with  potassium,  difficulties  were 
encountered  with  lithium  due  to  its  higher  vaporization  temperature. 
Neither  the  tantalum  heater  colls  nor  the  seal  between  the  vaporizer 
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and  angina  were  reliable  at  the  temperature  (~  1500°K)  required  fcr 
lithium  vaporization  especially  at  the  higher  pressures  (>  0.5  atm) 
necessary  for  the  buffer-fed  engine  described  in  Section  Vll.  For 
lithium  the  vaporizer  was  brazed  directly  to  the  anode  so  that  heat 
transferred  from  the  tcc  discharge  to  the  anode  could  be  used  for 
vaporizing.  This  arrangement  is  shown  in  Flgui  •*  7,  with  the  CG  engine 
configuration. 

c.  High-Capacity  Feed  System 

A  concept  for  a  high-capacity  feed  system  as  sh^wn  schemati¬ 
cally  in  Figure  8  is  currently  under  development,  nils  approach  is 
based  on  equilibrating  the  vapor  pressure  above  the  lithium  in  the 
vaporizer  to  the  pressure  of  argon  gas  above  the  liquid  reservoir. 
Under  this  condition  the  eonic  vapor  flow-rate  through  the  exit  ori¬ 
fice  is  proportional  to  the  applied  gas  pressure  which  can  be  easily 
iseasured  with  a  pressure  gauge.  To  meet  this  condition  the  system 
oust  have  the  following  characteristics: 

1.  The  liquid  surface  temperature  (and  hence  vapor  temperature) 
must  Increase  as  the  gas  pressure  is  Increased  and  as  the 
level  of  the  liquid  in  the  vaporizer  moves  up. 

2.  Tte  hydrostatic  pressure  of  the  liquid  column  and  the  pres¬ 
sure  drop  due  to  the  steady-flow  should  be  low  (less  than 

1  percent)  compared  with  the  vapor  pressure. 

3.  The  amplitude  of  pressure  fluctuations  must  be  small  compared 
with  the  vapor  pressure,  or  the  system  should  be  linear  or 
symmetrical  so  that  the  average  of  the  unsteady  pressure 
component  is  negligible. 

Compared  to  alternate  techniques,  this  design  eliminates  the 
requirements  of  measuring  pressure  at  high-temperature,  deducing  pres¬ 
sure  from  temperature,  or  measuring  and  controlling  the  liquid  level. 
An  additional  benefit  is  the  location  of  the  heaters  in  the  argon 
environment  which  minimizes  cxldation  and  embrittlement  of  the  heater 
materials. 
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One  possible  disadvantage  is  that  the  process  tends  to  be 
unstable  and  some  means  for  damping  oscillations  i^  necessary. 

Because  of  the  stability  problems  a  simple  Pyrex  model  cf  the  system 
was  built  and  tested.  The  tests  showed  that  stability  could  be 
achieved  by  providing  viscous  damping  in  the  tube  below  the  vaporizer 
and  by  providing  a  steep  temperature  gradient  in  the  vaporizer  region. 

Figure  9  illustrates  major  parts  of  the  final  design.  Opera¬ 
tion  of  the  system  is  initiated  by  the  argon  gas  pressure  in  the 
reservoir  which  forces  liquid  lithium  through  the  porous  p'.ug  and  up 
the  liquid  feed  tube  into  the  vapo<  ,'zer  section.  Hie  liquid  flow  is 
here  divided  inco  four  0.060  diameter  passages  in  !»e  molybdenum  body 
which  is  enclosed  in  concentrated  tantalum-sheathed  heaters  The  high 
lithium  surface  area-to-  'olume  ratio  and  relatively  large  heat  storage 
capacity  of  the  body  force  vaporization  to  occur  in  this  region.  The 
vapor  is  superheated  by  heaters  attached  to  the  vapor  reservoir  to 
prevent  condensation  in  the  sonic  orifice. 

An  important  consideration  in  the  design  of  the  lithium 
feeder  was  elimination  of  the  instability  observed  in  the  Pyrex  water- 
models.  Thi3  instability,  in  the  form  of  large  liquid  oscillations  in 
the  feed  tube,  was  promoted  by  an  unrestricted  liquid  column  driven  at 
each  end  by  compressible  gas,  steam  on  the  top  r.nd  argon  on  the  bottom. 
Also,  lack  of  a  sharp  temperature  gradient  in  the  region  of  vaporiza¬ 
tion  allowed  boiling  below  the  liquid  surface. 

Three  components  have  been  specifically  designed  to  minimize 
this  form  of  instability  in  the  lithium  system.  A  porous  nickel  plug, 
which  presents  a  negligible  restriction  to  normal  lithium  flow  rates, 
is  attached  to  the  lower  feed  tube  to  dampen  large  flow  fluctuations. 

A  steep  temperature  gradient  in  the  vaporization  region  is  established 
by  the  concentrated  heaters  and  multiple  small  diameter  osssages.  The 
vapor  pressure  fluctuations  should  be  partially  damped  by  the  ’arge 
volume  above  the  vaporizing  section.  An  additional  stabilizing  factor 
in  the  lithium  system,  as  compared  with  the  water  model,  is  the  higher 
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Figure  9  Lithium  Feed  System  -  Model  LV  4-1 
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thermal  conductivity  of  the  liquid.  Due  to  the  high  thermal  diffu- 
sivity  and  high  critical  nucleate  boiling  heat  flux  of  lithium,  boil¬ 
ing  beneath  the  liquid-to-vapor  face  will  be  minimized. 

Ttoo  tests  of  the  lithium  vapor  feed  system  were  performed. 
The  first  test,  with  the  configuration  shown  in  Figure  9  failed  at 
1150°K  due  to  burn-off  of  the  heater  end- termination. 

Several  modifications  of  the  vaporizer  were  designed  to 
eliminate  these  problems  for  the  second  test.  Larger  size  tantalum 
heater  wire  (0.104  O.D.,  0.042  diameter  conductor)  was  selected  to 
permit  higher  input  powers  and  to  avoid  fragile  constructions.  New 
heater  end-terminations  were  designed  around  three  criteria:  high 
structural  strength  by  attaching  the  sheath  to  a  massive  body  exten- 
tion,  support  for  the  inner  conductor  by  close-fitting  concentric 
insulators,  and  elimination  of  excessive  heating  at  the  conductor- 
lead  wire  junction  by  increased  contact  area  ar.d  heavy  heat  sink 
attachment.  Tungsten-rhenium  thermocouples  were  used  for  greater 
reliability  of  the  temperature  measurement. 

This  configuration  was  successfully  temperature-cycled 
several  times  to  1350°K  but  failed  while  maintaining  the  required 
design  temperature  of  1700°K.  This  level  was  chosen  to  permit  opera¬ 
tion  of  the  argon-driver  system  at  two  atmospheres  pressure.  The 
heater  failure  was  attributed  to  lack  of  sufficient  heat  conduction 
from  the  outer  sheath  at  a  point  of  poor  contact  with  the  vaporizer 
body. 

Alt'r.iate  heating  methods  were  Investigated  in  >rder  to 
increase  the  system  reliability.  Radiation  heating  from  bare  tungsten 
wire,  electron  bombardment,  and  radio-frequency  induction  heating 
were  considered.  It  was  decided  to  test  the  concept  using  a  vaporizer 
closely  coupled  to  the  anode  prior  to  testing  an  alternate  heating 
method.  This  vaporizer  is  similar  to  that  shown  in  Figure  9  with  the 
exception  of  the  heating  colls  which  were  eliminated  in  favor  of 
heating  the  vaporizer  directly  by  the  anode. 
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2.  THRUST  BALANCE  IMPROVEMENTS 

Efforts  to  Improve  the  accuracy  of  thrust  measurement  were  con¬ 
centrated  on: 

1.  Reduction  of  tare  forces  due  to  the  interaction  between  the 
applied  magnetic  field  and  current  leads. 

2.  Reduction  of  forces  caused  by  cooling-water  pressure,  flow 
and  temperature  changes. 

The  effects  of  the  magnitude  and  variation  of  these  forces  are  the 
principal  sources  of  error  in  a  thrust  measurement. 

To  reduce  the  electromagnetic  tare  forces,  the  power  lines  to 
the  thrustor  electrodes  and  the  magnet  coil  were  transmitted  across 
the  balance  coaxially.  As  in  previous  balance  designs,  these  connec¬ 
tions  are  made  through  mercury  to  avoid  interference  of  rigid  power 
cables.  TWo  coaxial  mercury  pots  were  designed,  fabricated,  tested, 
and  incorporated  into  the  existing  balance  during  the  reporting 
period.  Figure  10  Includes  a  sketch  of  the  coaxial  mercury  pot  design. 

For  reduction  of  the  forces  caused  by  coolant  flow  across  the 

balance  the  U-tube  arrangement  shown  in  Figure  10  was  adopted.  The 

U-tube  concept  allows  thermal  expansion  of  a  metal  tube  without  a 

force  on  the  balance  by  connecting  the  ends  of  the  tube  at  the  same 

vertical  position  •  one  side  to  the  suspended  balance  platform  and 

the  other  side  to  the  fixed  balance  support.  Bench  tests  showed  that 

the  relative  position  between  the  inlet  and  outlet  of  the  tube  did 

-4 

not  shift  measurably  (less  than  5  x  10  in.)  with  changing  tempera¬ 
ture  and  pressure  in  the  tube.  Subsequent  tests  of  a  single  coolant 
circuit  (two  U-tubes)  mounted  temporarily  on  the  balance  showed  that 
the  maximum  force  due  to  water  pressure  and  flow  was  about  one  gram. 
Five  sue  .  circuits  (10  U-tubes)  were  permanently  mounted  on  the  exist¬ 
ing  balance  along  with  the  coaxial  mercury  pots. 

After  completing  these  modifications,  the  force  tare  due  to  water 
flow  and  pressure  was  reduced  to  about  1  gram  compared  to  10  to  20 
grams  before  moJif ication.  The  coaxial  mercury  pots  reduced  the  mag¬ 
netic  tare  *orce  from  about  50  grams  to  about  5  or  less.  As  a  result  of 
these  impi o' ements  the  balance  is  considerably  more  stable  and  accurate. 
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SECTION  V 


HIGH  VACUUM  TESTS 

1.  HIGH- VACUUM  TESTS  OF  A  LITHIUM  THRUSTOR 

The  high-vacuum  tests  were  conducted  as  one  step  in  the  process 
of  determining  the  effect  of  test  chamber  pressure  on  thrustor  per¬ 
formance  so  that  the  pressure  level  necessary  for  adequate  space  simu¬ 
lation  can  be  assessed.  Additional  data  were  later  obtained  in  the 

6  ft  x  6  ft  chamber  by  measuring  the  thrust  as  a  function  of  pressure 

-4  -2 

over  a  range  from  10  to  10  torr.  These  results  are  presented  in 

Section  VII.  A  Model  LAJ-AF-6D  lithium  arc  Jet  shown  in  Figure  11 

was  tested  in  the  ion  engine  5  ft  x  12  ft  (5  ft  diameter  by  12  ft 

long)  vacuum  chamber  at  pressures  down  to  2  x  10  ^  torr.  For  the 

tests  in  the  5  ft  x  12  ft  chamber  the  thrustor  and  lithium  feed  system 

were  mounted  on  the  same  thrust  balance  used  with  tests  in  the  6  ft  x 

6  ft  chamber.  Figure  12  shows  the  thrust  balance  and  Figure  13  shows 

the  balance,  thrustor  and  feed  system  mounted  in  the  6  ft  x  6  ft 

chamber.  The  temporary  Installation  in  the  5  ft  x  12  ft  chamber  was 

similar  to  that  shown  by  Figure  12. 

The  thrustor  tested  at  high  vacuum  was  identical  to  the  one 

endurance- tested  for  10  hours  as  reported  in  Ref.  1.  In  the  5  ft  x 

12  ft  chamber  the  thrustor  was  operated  at  the  same  current  and  at 

about  the  same  mass-flow-rate  used  in  the  life  test.  The  thrust  and 

voltage  were  close  to  those  measured  during  the  endurance  test  in  the 

-3 

arc  Jet  6  ft  x  6  ft  chamber  at  6  x  10  torr. 

Table  I  lists  the  results  from  both  the  high-vacuum  tests  and 
the  previous  tests  at  higher  pressures.  Although  the  thrust  level  in 
the  high-vacuum  tests  was  about  the  same  as  in  the  higher  pressure 
test,  the  efficiency  was  slightly  lower  due  to  the  higher  mass-flow¬ 
rates  . 
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The  high-vacuum  test  was  stopped  when  the  arc  attached  to  the 
condenser  baffle  plates  connected  to  the  liquid-nitrogen-cooled  liner 
adjacent  to  the  wall  of  the  tank.  This  attachment  was  caused  appar¬ 
ently  by  the  buildup  of  lithium  condensed  on  the  baffles.  The  baffles 
were  removed  and  additional  tests  were  attempted;  however,  the  power 
density  to  the  liner  was  then  excessive  and  the  liquid  nitrogen  in 
the  liner  boiled.  As  a  result  the  test  chamber  pressure  fluctuated 
over  a  large  range.  The  test  was  stopped  because  of  the  danger  of 
over-pressurizing  the  liner  due  to  liquid  nitrogen  boiling. 


SECTION  VI 


POTASSIUM  PERFORMANCE  MEASUREMENTS 

Potassium  was  investigated  as  a  propellant  in  the  Hall  arc  Jet 
because  of  its  potentially  higher  frozen-flow  efficiency.  Assuming 
the  predominant  energy  loss  to  be  ionization  and  further  that  all 
propellant  atoms  are  ionized  only  once,  the  propellant  with  lowest 
loss  and  highest  efficiency  is  the  one  with  the  lowest  first  ioniza¬ 
tion  potential  per  atomic  mass  unit.  Among  the  alkali  metals  this 
ratio,  V  /m  ,  is  higher  for  higher  atomic -weight  elements.  On  the 
other  hand,  for  higher  atomic  weights  the  second  ionization  potential, 
V„,  is  lower,  the  kinetic  energy  for  a  given  specific  impulse  is 
higher,  and  the  number  density  of  the  plasma  is  higher  for  the  same 
power  density  and  specific  impulse.  Therefore,  second  ionization  and 
energy  losses,  in  addition  to  first  ionization  losses,  are  most  likely 
to  occur  with  higher  atomic  weight.  Since  it  was  not  possible  to 
evaluate  these  effects  and  calculate  the  efficiencies  on  the  basis  of 
data  with  other  propellants,  the  potassium  experiments  were  carried 
out. 

The  results  were  quite  different  from  predictions  based  on  first- 
ionization  energy  losses.  The  efficiency  was  lower  than  with  lithium 
at  the  same  specific  Impulse  and  the  maximum  specific  Impulse  attain¬ 
able  was  only  1500  sec  compared  to  6000  to  8000  sec  with  lithium. 

To  eliminate  geometry  effects  from  the  comparison  of  lithium  and 
potassium,  the  same  thrustor  configuration  (Model  LAJ-AF-6D,  Figure  14) 
was  used  with  both  propellants.  This  eliminated  one  ambiguity  in  the 
results  but  may  have  created  another  since  that  configuration  was 
developed  for  lithium.  It  is  possible  that  through  a  systematic 
variation  of  thrustor  geometric  parameters  using  potassium,  improve¬ 
ments  in  performance  could  be  found,  and  the  performance  character¬ 
istics  might  compare  differently.  The  principal  geometric  variable  of 


5090-Phase  II  Final 


49 


concern  is  the  jet  diameter,  which  direct lv  affects  the  number  density 
of  the  plasma  in  the  acceleration  region.  Inis  points  out  the  need 
for  additional  fundamental  understanding  and  analytic  parameters  to 
describe  the  effects  of  geomelrv  and  propellant  properties  on  the 
thrustor  performance. 

Although  the  studies  of  potassium  performance  did  not  include 
variations  of  geometric  parameters,  the  eflects  of  the  magnetic  field 
strength,  arc  current,  and  test  chamber  pressure  on  thrust,  total  arc 
voltage,  tank  floating  voltage,  and  anode  power  loss,  were  measured. 

As  Figure  15  shows,  the  specific  impulse  was  varied  over  the 
range  of  about  GOO  to  1600  seconds,  llie  corresponding  thrust  effi¬ 
ciency  varied  from  about  12  percent  to  28  percent.  Note  that  the 
thrust  efficiency  increases  with  specific  impulse  when  the  specific 
impulse  is  less  than  about  1200  sec,  but  does  not  appear  to  increase 
between  1200  and  1700  sec.  This  asymptotic  behavior  may  indicate  the 
beginning  of  second  ionization.  This  maximum  specific  impulse  is 
related  to  the  tendency  of  the  thrust  to  decrease  as  the  mass-flow- 
rate  is  decreased  at  constant  arc  current. 

The  results  of  Figure  15  were  measured  in  a  chamber-pressure 
-4 

range  (2  -  8  x  10  torr)  where  the  thrust  is  independent  of  pressure 

level.  Figure  16  shows  thrust  as  a  function  of  chamber  pressure  over 
-4  - 1 

a  range  from  10  to  10  torr.  These  results  are  approximate  because 

they  were  obtained  in  a  transient  condition  during  which  the  pressure 

was  first  increasing  and  then  decreasing.  The  pressure  was  varied  by 

bleeding  argon  into  the  chamber.  The  sequence  was  begun  at  the  point 

indicated  by  (1)  on  Figure  16.  The  pressure  rapidly  rose  and  the 

thrust  decreased  to  a  minimum  value  and  then  increased.  Beginning  at 

point  (2)  (Figure  16)  pressure  was  recorded  as  a  function  of  thrust. 

The  pressure  rose  to  10  *  torr  (at  point  (3))  and  then  began  to  drop. 

The  thrust  was  maximum  roughly  at  the  maximum  pressure  and  then  dropped 

as  the  pressure  decreased.  The  thrust  reached  a  minimum  at  about 
-2 

2  x  10  torr  (point  (4))  and  then  increased  to  an  apparent  asymptotic 
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level  at  about  <♦  x  10  torr.  (Pressures  above  10  torr  were  meas- 

-3 

ured  with  a  thermocouple  type  vacuum-gauge  and  below  10  torr  with 
an  Ionization  gauge.) 

It  appears  that  in  the  region  to  the  right  of  the  asymptotic 
level  of  pvessure,  gas  is  entrained  at  a  significant  rate  into  the 
acceleration  region  of  the  discharge.  The  asymptotic  level  probably 
varies  with  the  thrustor  operating  conditions,  and  should  be  investi¬ 
gated  further. 

The  effects  of  magnetic  field  strength  on  thrust  and  voltage  are 
shown  in  Figure  17.  The  thrust  increased  with  increasing  magnetic 
field  up  to  about  2500  gauss.  Above  2500  gauss  the  behavior  is  not 
clear  because  of  insufficient  data;  however,  it  appears  that  the 
thrust  is  Independent  of  field  strength,  or  may  reach  a  maximum  and 
then  decrease  with  increasing  field  strength.  This  tendency  may  also 
be  due  to  the  onset  of  second  ionization.  As  Figure  17  shows,  the 
total  arc  voltage  Increased  with  increasing  magnetic  field  strength 
from  about  24  volts  at  1200  gauss  to  about  40  volts  at  2800  gauss. 

Figure  18  shows  the  effect  of  the  magnetic  field  scrength  on  the 
voltage  measured  between  the  anode  and  the  tank  and  between  the  tank 
and  the  cathode.  Similar  measurements  with  sodium^  as  the  propellant 
are  shown  for  comparison.  As  Figure  18  shows,  the  anode-to- tank  volt¬ 
age  increases  with  magnetic  field  strength  while  the  tank-to-cathode 
voltage  appears  to  be  independent  of  the  magnetic  field.  Since  the 
tank  floats  near  the  cathode  potential  or  at  least  near  the  potential 
of  the  cathode  jet,  this  result  seems  to  indicate  that  the  conductiv¬ 
ity  along  the  cathode  jet  is  independent  of  the  magnetic-field  strength. 

Figure  19  shows  a  correlation  oi  the  power  loss  to  the  anode  for 
both  potassium  and  sodium^  Note  that  the  anode  power  loss  divided  by 
the  arc  current  has  the  same  value  for  sodium  and  potassium  when  the 
straight  lines  through  the  data  are  extrapolated  to  zero  field 


^Sodium  measurements  were  made  on  NASA  Contract  NAS3-5909 
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Figure  17  Effect  of  Magnetic  Field  Strength  on  Thrust  and 
Voltage  for  Potassium 
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strength.  Also,  the  slopes  for  potassium  and  sodium  differ  in  magni¬ 
tude  approximately  by  the  inverse  of  the  square  of  their  molecular 
weights.  This  may  be  a  coincidental  rather  than  a  universal  relation¬ 
ship  since  the  mass-flow-rate,  arc  current,  and  values  of  i|i  were 
different  for  the  two  propellants. 

Power  loss  to  the  cathode  as  a  function  of  the  arc  current  is 
shown  in  Figure  20.  The  power  loss  depends  primarily  on  the  arc 
current  and  as  the  data  show  it  is  relatively  insensitive  to  the  mass- 
flow-rate  f.nd  magnetic  field  strength.  The  average  power  loss  divided 
by  the  arc  current  (apparent  cathode  voltage  drop)  is  about  5  volts. 

Thrust  varies  about  linearly  with  arc  current  as  Figure  21  shows. 

The  maximum  current  during  these  runs  was  400  amperes  where  the 

cathode-anode  Insulator  and  the  cathode  began  to  erode.  Figure  22 

shows  the  thrust  per  unit  current  and  total  arc  voltage  for  potassium 

plotted  as  a  function  of  the  parameter  t  ■  ^-^-7.  This  parameter 

m8  1 

seems  to  correlate  the  data  reasonably  well.  A  region  (f  >  0.35)  is 
indicated  where  the  thrust  per  unit  current  is  Independent  of  f.  In 
(he  region  where  f  <  0.35  the  thrust  per  unit  current  decreases  with 
decreasing  t ,  i.e.,  with  decreasing  mass- flow-rate  or  increasing  cur¬ 
rent.  The  arc  voltage  decreases  with  Increasing  f  as  the  analysis  of 
Ref.  6  predicts. 

For  the  potassium  experiments  the  thrustor  and  feed  system  were 
mounted  directly  on  a  thrust  balance  (described  in  detail  in  Ref.  1) 
and  installed  in  the  6  ft  x  6  ft  test  chamber.  The  arrangement  was 
identical  to  that  used  in  tests  of  the  Model  AF-6D  lithium  engine  of 
Ref.  1.  The  variables  measured  were  thrust,  mass-flow-rate,  arc 
current  and  voltage,  magnet-coil  current  and  voltage,  test  chamber 
pressure,  and  heat  transfer  to  the  coll,  cathode,  anode,  and  test 
chamber . 

Sine*  the  anode  was  radiation-cooled  it  was  necessary  to  use  an 
oil-cooled  shield  to  absorb  the  radiation  from  the  anode  radiation 
fin.  This  shield  intercepts  only  the  radiation  from  the  rtar 
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Figure  20  Cathode  Power  Loss  as  a  Function  o£  Arc  Current 


(upstream)  surface  of  the  fin.  Radiation  from  the  front  surface  of 
the  fin,  from  the  outside  cylindrical  surface  of  the  anode,  and  most 
of  the  radiation  from  the  front  surface  of  the  anode  itself  is 
absorbed  by  the  magnet  coil  housing.  The  sum  of  the  powers  transferred 
to  these  oil-cocled  components  is  approximately  equal  to  the  anode 
power  loss.  Power  transfer  was  determined  by  measuring  the  cooling- 
oil  flow  rate  and  temperature  rise. 

The  potassium  was  fed  into  the  thrustor  with  the  bellows  feed  sys¬ 
tem  developed  for  lithium.  A  recent  calibration  of  the  feed  system 
accomplished  during  the  reporting  period  is  presented  in  Section  IV. 
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SECTION  VII 


CONFIGURATION  STUDIES 

1.  BUFFERED  CATHODE  THRUSTOR  STUDIES 

The  objective  of  the  buf fered-cathode  configuration  shown  in 
Figure  23  was  to  operate  the  cathode  in  a  spot -attachment  mode. 
Experience  with  gases  has  indicated  that  the  attachment  mode  is 
determined  primarily  by  the  pressure  level,  although  the  geometry  and 
flow  pattern  around  the  cathode  are  also  Important  parameters.  In 
the  cathode  study  reported  in  Ref.  8  the  stable  spot-attachment  mode 
prevailed  at  pressure  levels  above  about  1  psla.  In  this  mode  the 
apparent  cathode  voltage  drop  (defined  as  power  loss  divided  by  arc 
current)  was  only  about  one  volt  and  the  cathode  erosion  rate  was 
negligible.  At  pressure  levels  below  about  1  psla,  the  attachment 
region  became  more  diffuse,  was  unstable,  the  apparent  voltage  drop 
Increased  to  several  volts,  and  the  erosion  became  severe.  In  the 
previous  alkali-metal  arc  jets  (Refs.  1  and  9)  the  pressure  at  the 
cathode  was  very  low  (not  measured  but  estimated  to  be  about  10  torr) . 
The  attachment  mode  was  diffuse  and  in  some  cases  unstable.  The 
apparent  cathode  voltage  drop  was  about  6  to  7  volts  and  the  erosion 
rate  was  greater  than  desired.  This  limited  the  maximum  current 
capacity  of  the  engine  to  a  level  lower  than  desired.  The  Intent  in 
designing  the  buf fered-cathode  was  to  Increase  the  pressure  level  at 
the  cathode  so  that  the  power  loss  and  erosion  would  decrease.  The 
unstable  behavior  at  low  pressure  may  be  due  to  oscillation  between 
an  electron-emission  mode  and  an  ion-bombardment  mode  of  current  con¬ 
duction  across  the  cathode  surface  as  discussed  in  more  detail  in 
Section  III. 3. a.  The  lower  heat  loss  in  the  conical  cathode  with 
attachment  at  the  tip  can  be  explained  by  considering  the  heat  conduc¬ 
tion  through  the  cathode  as  calculated  in  Appendix  III. 

The  first  apparent  published  account  of  the  operation  of  a 
cathode  with  a  buffer  for  stabilization  of  the  cathode  attachment  in 
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Figure  23  Buf fered-Cathode  Thrustor  Configuration,  Model  LAJ-BF-1 
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gas  appears  to  have  been  given  in  Ref.  10.  This  was  embodied  in 
hydrogen  arc  Jet  configurations  (Refs.  11  and  12)  which  were  fore¬ 
runners  of  the  present  alkali-metal  investigations.  Additionally, 
in  the  first  phase  of  the  present  program  (Ref.  1)  a  buffered  cathode 
with  hydrogen  gas  stabilization  was  used  with  a  lithium-fed  anode. 

The  latter  experiments  were  inconclusive  because  an  insulator  between 
the  buffer  and  anode  failed  before  test  conditions  were  achieved  with 
sufficiently  low  hydrogen  flow  rate  to  achieve  a  specific  Impulse 
high  enough  to  be  of  Interest.  The  work  reported  here  Included 
investigation  of  operation  of  a  buffer  with  sodium  and  lithium  Injected 
into  the  buffer  and  additional  studies  of  the  hydrogen-stabilized 
buffer  with  lithium  injected  at  the  anode. 

Three  classes  of  buf fered-cathode  configurations  were  tested. 
These  were  designated  Models  LAJ-BF- (  )  for  buffer-feed,  LAJ-AP-BG- (  ) 

for  anode-feed  with  gas  flow  through  the  buffer  and  LAJ-AF-CG-(  )  for 
anode-feed  with  gas-stabilized  cathode.  These  designs  are  illustrated 
in  Figures  24  through  26.  The  difference  between  the  buffer  designa¬ 
tion  (BF  and  BC  models)  and  the  gas-stabilized  cathode  designation  is 
subtle  and  somewhat  arbitrary.  The  buffer  designation  was  used  where 
the  cathode  tip  was  definitely  located  upstream  of  the  throat  whereas 
in  the  so-called  gas-stabilized  cathode  design  the  cathode  tip  either 
protruded  downstream  of  the  throat  or  was  located  in  the  throat. 

a.  Thrustors  With  Alkali-Metal  Fed  Through  the  Buffer 

The  original  basic  BF  thrustor  design  is  shown  in  Figure  23. 
The  propellant  vapor  was  injected  through  the  annular  slot  of  the 
buffer  upstream  of  the  cathode  tip  and  the  buffer  throat,  which  is  0.10 
inch  in  diameter.  With  a  propellant  flow  rate  of  1  to  2  mg/sec  it  was 
estimated  that  the  pressure  at  the  cathode  tip  was  of  the  order  of  0.1 
atmosphere.  This  pressure  was  sufficiently  high  for  the  arc  to  attach 
in  a  small  spot  at  the  tip  of  the  conical  cathode. 

This  thrustor  was  radiation-cooled  with  the  exception  of  the 
water-cooled  cathode.  Graphite  disks  attached  to  the  buffer  and  the 
anode  enhanced  the  radiation-cooling  capacity.  Much  of  the  radiation 


5090- Phase  II  Final 


65 


Figure  24  Lithium  Arc  Jet  Assembly,  Models  LAJ-BF-1B,  -1C,  -ID  a..  -I  -IE 


Figure  26  10  kM  Lithium  Arc  Jet  Model  LAJ-AF-CG- 


was  absorbed  by  the  water-cooled  magnet-coil  housing.  In  addition 
there  was  a  water-cooled  shield  (not  shown  in  Figure  23)  behind  the 
buffer  radiator.  The  total  power  lost  to  the  buffer  was  determined  by 
measuring  the  heat  transferred  to  the  shield  and  the  inner  and  rear 
portions  of  the  magnet-coil  houslrg.  The  qualitative  results  of  tests 
are  summarized  in  Table  II  and  the  detailed  account  is  presented  in  the 
following  sections. 

The  first  test  of  this  thrustor  was  inconclusive  because 
of  cracking  of  the  tungsten  buffer  and  subsequent  leakage  of  the 
propellant  out  of  the  buffer.  However,  it  was  apparent  that  there 
was  not  significant  erosion  of  the  cathode  or  the  buffer.  To  this 
extent  the  objective  of  stabilizing  the  cathode  attachment  spot  and 
reducing  cathode  erosion  was  met  by  this  configuration. 

This  design  was  not  expected  to  be  an  efficient  thrustor 
because  all  of  the  propellant,  is  injected  into  the  buffer  in  the 
region  of  the  cathode.  The  main  purpose  was  to  determine  whether  or 
not  a  stable  point  attachment  could  be  maintained  with  an  alkali 
metal  propellant  (as  was  the  case  with  gaseous  propellants).  For 
significant  Hall-current  acceleration  moat  of  the  propellant  should  be 
Injected  through  the  anode. 

A  new  buffer  was  built  to  replace  the  one  which  broke  during 
the  first  test.  The  design  was  modified  (LAJ-BF-1B)  to  reduce  thermal 
stresses  in  the  buffer  by  incorporating  a  tungsten  insert  in  a 
molybdenum  sleeve  as  shown  in  Figure  24. 

Sufficient  experimental  results  were  obtained  with  Model 
LAJ-AF-1B  to  establish  the  superiority  of  the  buffered  cathode 
configuration  over  the  diffusely-operating  cathode  of  the  earlier 
thrustor  configurations  (Ref.  1).  The  buffered  cathode  has  the 
following  advantages: 

1.  The  arc  attaches  in  a  small  spot  at  the  tip  of  the 
conical  cathode. 
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2.  As  a  result  of  (1)  the  erosion  of  the  cathode  material 

is  negligible  and  the  cathode  power  loss  has  been  reduced. 

3.  The  cathode  insulator  is  well-protected  in  this  config¬ 
uration  and  no  erosion  has  occurred. 

The  buf fered-cathode  tests  showed  that  most  of  the  propellant 
should  be  injected  in  the  region  of  the  anode  for  efficient  thrustor 
operation.  It  was  clear  from  observation  of  the  distribution  of  potas¬ 
sium  condensed  on  the  tank  wall  that  ionization  occurred  in  the  cathode 
jet  and  most  of  the  propellant  flowed  out  along  magnetic  field  lines. 

The  low  thrust  under  this  condition  is  consistent  with  the  observed 
difference  in  performance  between  cathode-fed  and  anode-fed  engines 
reported  during  this  program  in  Ref.  1. 

This  behavior  is  also  consistent  with  the  analytical  model 
(Refs.  1  and  6)  based  on:  (1)  azimuthal  acceleration  of  the  ions  as  the 
current  radially  crosses  the  magnetic  field  followed  by  (2)  conversion 
of  azimuthally-directed  kinetic  energy  into  axially-directed  kinetic 
energy  as  the  plasma  expands  through  the  "magnetic-:iozzle". 

The  next  step  was  to  modify  the  buffer-fed  engine  to  provide 
for  flow  of  potassium  out  of  the  cathode  Jet  closer  to  the  anode  internal 
surface.  The  attempt  was  to  provide  eight  by-pass  holes  through  the 
buffer  and  buffer-anode  insulator  assembly  as  shown  in  Figure  24  as 
Model  LAJ-BF-1C.  As  the  sketch  sbjws,  all  of  the  potassium  is  Injected 
into  the  cathode  chamber.  It  was  estimated  that  2/3  of  the  flow  passes 
through  the  peripheral  holes  and  1/3  through  the  buffer  throat.  Some 
experimental  difficulties  and  problems  encountered  with  this  thrustor 
design  are  discussed  below  since  the  experience  is  pertinent  to  the 
technology  of  arc-jets  which  use  alkali  metals  for  propellants. 

The  first  problem  that  developed  was  leakage  of  the  propellant 
vapor  out  of  the  cathode  chamber  through  the  joint  between  the  buffer 
and  the  cathode  insulator.  This  caused  deterioration  of  the  graphite 
buffer-radiator  and  frequent  external  arcs  between  the  buffer  and  anode. 
The  original  seal  design  was  based  on  pressure  between  the  graphite 
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radiator  and  the  buffer  maintained  by  a  Belleville  spring  washer  back¬ 
ing  up  the  assembly  bolts.  The  leakage  was  stopped  by  modifying  the 
design  to  extend  the  rear  portion  of  the  buffer  so  that  the  buffer  and 
cathode  Insulator  were  joined  by  a  long  (~  2")  threaded  joint.  The 
radiator  was  in  turn  Joined  to  the  outside  of  the  buffer  with  another 
threaded  joint.  Threaded  joints  between  boron  nitride  and  tungsten  or 
molybdenum  generally  form  effective  seals,  apparently  because  of 
diffusion  bonding  of  the  two  materials  at  high  temperature. 

Another  problem  was  arcing  between  external  components  of 

the  engine,  feed  system,  power  leads  and  test  chamber  even  after  the 

leakage  was  stopped.  This  was  particularly  acute  at  low  test  chamber 

-2  -5 

pressures  (i.e. ,  between  10  and  10  torr)  and  hampered  the  task  of 
performance  measurement.  This  problem  was  solved  by  improving  the 
insulation  of  the  power  leads. 

With  respect  to  accomplishing  the  desired  objective  of  having 
the  propellant  flow  un-lonized  into  the  anode  jet  where  it  would  be 
ionized  and  then  azimuthally  and  axially  accelerated,  the  BF-1C  design 
was-  not  totally  satisfactory.  First,  the  propellant  flowing  out  of  the 
peripheral  holes  appeared  to  be  ionized  as  a  result  of  part  of  the 
current  flowing  along  the  jets  from  the  holes  and  into  or  through  the 
buffer.  Secondly,  these  jets  of  vapor  did  not  coalesce  close  to  the 
anode;  thus,  the  azimuthal  current  loops  did  not  form  and  the  Hall- 
current  acceleration  was  less  effective.  It  appeared  necessary  to 
inject  the  propellant  separately  through  an  annular  orifice  in  the 
anode;  however,  this  would  have  complicated  the  test  because  of  the 
requirement  for  two  feed  systv'ms. 

The  thrustor  was  then  modified  to  the  BF-1D  configuration  as 
shown  in  Figure  24,  to  improve  the  flow  distribution  of  propellant.  At 
the  same  time  the  anode  diameter  was  decreased  from  3  cm  to  2  cm.  These 
modifications  improved  the  stability  of  the  thrustor  and  extended  its 
maximum  current  capacity  as  demonstrated  in  a  successful  test  over  a 
period  of  about  one  hour  at  power  levels  between  3  and  15  kilowatts. 
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The  current  level  was  as  high  as  350  amperes  for  several  minutes  with¬ 
out  appreciable  erosion  of  the  cathode,  cathode-buffer  insulator, 
buffer,  or  anode.  The  buffer-anode  insulator,  which  had  a  large  sur¬ 
face  area  exposed,  suffered  some  erosion,  part  of  which  nwy  have 
occurred  near  the  end  of  the  run  when  the  propellant  feed  system  was 
emp  ty . 

The  maximum  I  achieved  during  this  test,  which  was  made 
sp 

with  potassium  propellant,  was  about  1000  seconds  where  the  efficiency 

was  about  20  percent.  The  magnetic  field  strength  was  varied  from 

about  2000  to  3000  gauss  without  an  appreciable  effect  on  the  thrust 

-4 

level.  The  test  chamber  pressure  was  maintained  at  about  10  torr. 

The  effect  of  chamber  pressure  on  thrust  appeared  negligible  in  the 
-3-4 

range  of  2  x  10  to  10  torr. 

The  next  modification,  shown  in  Figure  24  as  Model  BF-1E, 

consisted  of  replacing  the  buf fer-to-anode  one-piece  boron  nitride 

insulator  with  a  segmented  or  "sandwich"  type  insulator  consisting  of 

thin  disks  of  tungsten  and  boron  nitride.  The  tungsten  disks  reduce 

the  vulnerability  of  the  insulator  to  the  alkali-plasma  environment 

by  a  shielding  effect  and  by  higher  neat  conduction  from  the  inner 

wall  to  the  outside  radiating  surface.  This  modification  was  expected 

to  eliminate  the  insulator  erosion  problem  present  with  the  BF-1D 

design  and  provide  for  longer,  more  stable,  repeatable  operation. 

Tests  of  the  buffered  engine  prior  to  BF-1E  were  all  made 

with  potassium  propellant  using  a  boiler  feed  system  to  minimize  the 

likelihood  of  liquid  flow  or  condensation  in  the  buffer  chamber. 

Liquid  in  this  chamber  would  probably  cause  a  short-circuit  between 

the  cathode  and  buffer.  Lithium  was  used  with  the  BF-1E  configuration. 

It  was  injected  by  the  bellows-type  feed  system  through  a  separately 

heated  vaporizer  connected  to  the  buffer. 

In  tests  of  this  thrustor  a  strong  coupling  was  found  to 
2 

exist  between  the  gas  flow  rate  and  the  lithium  feed  rate  because  of 

2 

Used  during  starting  and  preheating  prior  to  feeding  lithium 
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Che  preeeure  developed  in  Che  buffer  cavity.  Initially  this  led  to 
flooding  of  the  engine  as  Che  gas  flow  rate  was  reduced.  In  order  to 
minimize  the  interaction  between  the  feed  systems,  a  vaporizer  with  a 
sonic  orifice  was  Introduced  into  the  lithium  feed  line  between  the 
feeder  and  the  engine.  The  combination  of  high  vaporizer  temperature 
and  high  back  pressure  from  the  engine  proved  to  be  a  deadly  combina¬ 
tion  for  the  vaporizer  seals.  Many  seals  were  tried  but  in  all  cases 
the  vapor  leaked  out  of  the  vaporizer. 

For  this  reason,  no  performance  daf-  T'lth  lithium  were 
obtained  fur  this  engine  configuration  and  it  was  decided  that  this 
engine  configuration  should  temporarily  be  shelved.  The  basic  ideas 
were,  ho  'ever,  used  in  configurations  for  which  the  technology  has 
been  proven.  These  thrustors  are  described  in  the  next  sections. 

b.  Thrustors  With  Gas-Flow  Through  the  Buffer 

Based  on  the  experience  with  potassium  and  lithium  flow 
through  the  BF  configurations,  the  BG  configuration  shown  in  Figure  25 
was  designed.  This  engine  has  the  following  characteristics: 

1.  Nitrogen  gas  flows  through  a  conical  cathode-buffer  combina¬ 
tion.  Since  nitrogen  reacts  with  lithium  on  the  walls,  it 
was  expected  that  the  nitrogen  would  be  chemically  pumped 

and  hence  that  the  tank  pressure  could  be  maintained  in  the 
-4 

region  of  10  torr.  The  chemical  pumping  of  air  had  been 
observed  in  previous  tests  with  lithium. 

2.  The  insulator  consisted  of  layers  of  boron  nitride  and 
tungsten.  This  structure  helps  to  eliminate  the  problem  of 
electrode  shorting  when  either  propellant  flooding  occurs  or 
when  the  insulator  is  slightly  damaged,  e.g.,  cracked. 

3.  A  conventional  "anode-feed"  anode  was  used.  However,  to 
minimize  the  probability  of  flooding,  the  lithium  propellant 
was  vaporized  in  a  porous  plug  just  outside  of  the  anode  and 
was  injected  into  the  arc  discharge  at  the  inner  surface  of 
the  anode. 
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This  engine  was  tested  over  the  ranges  of  parameters  pre 
sented  below: 

Arc  Current  160  to  450  amperes 

Applied  Magnetic  Field  Strength  1700  to  3500  gauss 

(at  coil  center) 

Mass-Flow-Rate 

Lithium  7  to  15.5  mg/ sec 

Nitrogen  1.1  to  2.9  mg/sec 


The  tank  pressure  was  not  varied  as  an  independent  parameter,  but 

varied  slightly  with  operating  conditions  between  8  x  10  ^  and 
-4 

5  x  10  torr.  This  is  believed  to  be  below  the  regime  where  pressure 
affects  the  thrust. 

Hie  tank  pressure  level  with  nitrogen  flow  was  about  the 
same  as  in  previous  tests  without  nitrogen.  This  indicates  that,  as 
expected,  the  nitrogen  was  "chemically-pumped"  by  the  lithium  condens¬ 
ing  on  the  tank  walls. 

The  measured  thrust  level  increased  with  arc  current  and 
coil  current  (i.e.,  magnetic  field  strength)  but  seemed  to  be  rela¬ 
tively  independent  of  the  total  mass-flow-rate  over  the  range  of  0.008 
to  0.022  grams  per  second.  The  resulting  specific  impulse  and  thrust 
efficiency  varied  from  about  3000  sec  and  30  percent  to  800  sec  and 
8  percent. 

There  appeared  to  be  two  conditions  which  limited  the 
specific  impulse,  although  this  limit  was  not  thoroughly  "mapped-out" 
for  large  ranges  of  the  independent  variables. 

One  limiting  situation  appeared  when  the  current  was 
increased  while  holding  the  other  independent  test  variable  constant. 

At  a  "critical"  value  of  the  current  an  unstable  or  "modal"  operation 
of  the  thrustor  was  encountered.  In  the  first  or  "normal"  mode  the 
thrust  was  higher,  voltage  was  lower,  and  tank  pressure  was  lower  than 
in  the  "abnormal"  mode.  The  jet  was  red  (characteristic  lithium 
radiation)  in  the  normal  mode  and  turned  to  blue-purple  in  the  abnormal 
mode;  The  time  in  each  mode  varied  between  a  few  seconds  to  several 
minutes . 
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This  behavior  was  attributed  to  an  unstable  flow  of  the 
lithium  propellant  resulting  from  movement  of  the  vapor  front  in  the 
porous  vaporizer.  The  low-voltage  normal  mode  occurs  with  excessive 
(i.e.,  greater  than  average)  mass-flow-rate  and  the  high-voltage 
abnormal  mode  with  inadequate  msss-f low-rate.  During  one  period  of 
the  test,  after  the  thrustor  had  been  oscillating  between  these  two 
modes  for  about  one-half  hour,  the  mass-f low-rate  was  increased  by 
50  percent;  and,  though  twi  modes  still  existed,  the  thrust  and  volt¬ 
age  were  very  close  together  (i.e.,  within  5  to  10  percent). 

The  second  type  of  limit  on  specific  impulse  was  imposed  by 

a  current  limit  above  which  there  vas  melting  and  erosion  of  the 

cathode,  buffer,  and  buf fer-to-anode  insulators.  This  current  limit 

la  definitely  below  the  maximum  current  for  the  test  of  450  amperes; 

however,  the  threshold  of  erosion  was  not  precisely  determined  because 

3 

of  poor  visibility  through  the  tank  windows.  At  the  end  of  the  test 
the  cathode  tip  had  melted,  the  buffer  had  eroded  to  an  internal  diam¬ 
eter  several  times  greater  than  its  original  diameter,  and  the  seg¬ 
mented  Insulator  assembly  had  eroded  to  the  point  where  its  inner 
diameter  was  about  equal  tc  the  inner  diameter  of  the  anode  (refer  to 
Figure  25).  The  erosion  current-limit  is  undoubtedly  lower  at  lower 
ma8s-f low-rates  and  theobserved  erosion  was  probably  aggravated  by 
the  unstable  model  operation  described  above. 

The  lithium  vaporizer  for  this  model,  consisting  of  a  porous 
tungsten  insert  in  the  feed  tube  near  the  anode,  was  a  compromise  for 
reliable  operation  of  both  the  bellows  feed  system  and  vaporizer.  The 
vaporizer  is  brazed  into  the  anode  and  the  joint  between  the  vaporizer 
and  tube  from  the  feed  system  is  far  enough  away  from  the  anode  that 
the  temperature  is  moderate  and  sealing  of  this  joint  is  effective 
with  a  metal  0-ring.  Also  three  small  (0.063-in.  diameter)  holes 
were  included  in  the  porous  tungsten  insert  to  decrease  the  back 


Tank  windows  become  opaque  from  the  lithium  coating. 
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pressure  acting  on  the  bellows  feed  system.  This  lowered  the  volume 
displacement  effects  In  the  bellows  and  generally  Improved  the  accu¬ 
racy  and  stability  of  the  feed  system. 

Results  of  the  tests  described  above  are  presented  In 

Figures  27  through  30.  The  overal  efficiency  (not  including  coll 

power  and  feed  system  power)  is  plotted  as  a  function  of  specific 

impulse  in  Figure  27.  Ihe  plot  includes  all  of  the  data  which 

appeared  to  be  reliable  and  repeatable  for  a  wide  range  of  arc  current, 

magnetic  field  strength,  and  mass-flow-rate.  In  the  I  range  of 

sp 

interest,  this  thrustor  is  less  efficient  than  previous  configurations 
(Ref.  1) .  This  appears  to  be  due  to  lower  thermal  efficiency  with  the 
present  configuration  as  a  result  of  higher  power  loss  to  the  anode 
and  the  additional  loss  to  the  buffer  (not  present  in  the  earlier 
thrustors) . 

Figure  28  shows  thermal  efficiency  as  a  function  of  specific 
impulse  for  various  values  of  arc  current  and  mass- flow-rate.  The 
effect  of  the  magnetic  field  strength  on  thermal  efficiency  is  not 
clear  and  only  those  points  at  the  maximum  coil  current  of  800  amperes 
are  plotted.  Figure  28  indicates  that  the  thermal  efficiency  increases 


with  I  when  the  mass-flow-rate  is  held  constant.  (Actually  T)  , 

sp  7  thermal 

increased  with  increasing  current.)  As  Figure  28  also  shows,  T) 

tnerma  I 


increases  with  mass-flow-rate  if  the  I  is  held  constant.  Obviously, 


I 

sp 


is  not  the  proper  correlating  parameter  for  thermal  efficiency  in 


this  ca^e. 


Figure  29  implies  that  the  thrust  to  arc-current  ratio, 
correlates  with  the  parameter 


e_  \i  +  \ 
\  \i  "N 


as  expected  from  the  analytical  results  (Refs.  1  and  6).  This  is 
reasonable,  at  least  for  constant  magnetic  field  strength;  however, 
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Ratio  of  Thrust  to  Arc  Current  for  Lithium  Arc  Jet  Model  LAJ-AF-BG-1A  as 
Function  cf  the  Mass-Flow,  Current  Parameter  * 
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as  Figure  30  shows,  T/I  increases  with  increasing  magnetic  field 
strength  at  constant  arc  current  and  mass -flow-rate  (henea,  also  at 
constant  t) .  The  proper  parameter,  or.  theoretical  grounds,  including 
i)r ,  magnetic  field  strength,  and  anode  size  is  yet  to  be  clearly 
established  but  is  extremely  important  for  optimizing  thruutor  design 
and  scaling  to  higher  or  lower  power  levels. 

c.  Thrustors  With  Gas-Stabilized  Cathode 

The  gas-stabilized  cathode  configurations,  shown  in 
Figures  23  and  31  were  developed  to  maintain  the  advantages  of  the 
previous  buffered-cathode  design  and  reduce  the  wall  losses  and  neu¬ 
tral  propellant  losses.  As  in  the  buffer  models,  nitrogen  and/or 
hydrogen  were  Injected  around  the  cathode  to  maintain  spot  attachment 
of  the  arc  at  the  cathode  tip.  In  the  buffered  design  it  appeared 
that  the  arc  was  attached  to  the  anode  upstream  of  the  gap  where 
lithium  is  Injected.  This  situation  probably  permitted  a  significant 
fraction  of  the  propellant  to  flow  out  of  the  thrustor  without  encount¬ 
ering  the  arc  discharge  and  thus  without  being  irnized  and  electromag- 
netlcally  accelerated.  This  loss  was  probably  reduced  considerably  in 
the  moalfied  design  (Figure  31)  since  the  cathode  was  farther  down¬ 
stream,  and  the  insulator  was  immediately  adjacent  to  the  injection 
gap.  Both  of  these  changes  should  cause  the  arc  to  attach  to  the  anode 
downstream  of  the  region  of  lithium  Injection. 

Performance  capabilities  and  paramecric  effects  were  experi¬ 
mentally  determined  for  the  first  versions  of  the  gas-stabilized- 
cathode  thrustor  (Models  CG-LA  and  IB)  with  two  different  magnet-coil 
arrangements  producing  different  magnetic  field  shapes  and  strength 
levels.  Other  parameters  varied  in  the  tests  were  arc  current  (up  to 
400  amperes),  test  chamber  pressure  (10  to  3  x  10~5  torr)  and  mass- 
flow-rate  of  both  lithium  (10  to  20  mg/sec)  and  nitrogen  injected  at 
the  cathode  tip  (0  to  10  mg/sec). 

The  thrust  and  efficiency  characteristics  of  this  configura¬ 
tion  are  somewhat  better  than  the  fully  buffered  configuration 
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Figure  30  Ratio  of  Thrust  Arc  Current  for  Lithium  Arc  Jet  Model  LAJ-AF-EG-LA  as  . 

Function  of  the  Magnet-Coil  Current  (Magnetic  Field  Strength  at  Center 
of  Coil  is  ~  4.4  gauss  per  1000  amperes) 


described  previously  —  especially  when  operating  with  the  arc  attached 
in  a  small  region  near  the  cathode  tip.  Another  mode  of  attachment 
was  occasionally  observed  as  rotation  of  the  attachment  region  around 
the  conical  surface  of  the  cathode.  In  the  results  to  be  presented 
below,  the  first  test  (with  Model  LAJ-AF-CG-LA)  was  made  with  attach¬ 
ment  in  the  "spot"  or  "tip"  mode.  In  the  second  test  (with  Model 
IAJ-AF-CG-1B)  the  arc  attached  in  the  "surface"  mode  to  the  rim  of 
the  cathode  during  most  of  the  run.  This  surface  mode  occurred  after 
a  front  portion  of  the  conical  cathode  tip  separated  from  the  cathode 
early  in  the  run  before  lithium  began  to  flow.  The  separation 
resulted  from  erosion  caused  apparently  by  the  arc  concentrating  with 
high  Intensity  on  a  region  of  the  conical  surface  a  few  millimeters 
behind  the  tip. 

This  eroding  condition  developed  due  to  a  fault  in  the  elec¬ 
trical  instrumentation  which  Indicated  power  input  considerably  lower 
than  its  actual  level.  This  fault  was  not  discovered  until  after  the 
test  was  completed.  The  power  input  was  actually  too  high  for  the 
mass- flow-rate  and  the  cathode  tip  overheated. 

The  separation  was  fortuitous  in  that  it  provided  direct 
observation  of  the  differences  in  thrustor  operation  and  performance 
in  the  two  modes  of  operation.  When  the  tip  separated  the  arc  voltage 
decreased,  thrust  decreased,  power  loss  to  the  cathode  increased  and 
the  diameter  of  the  cathode  jet  increased  in  correspondence  with  the 
larger  diameter  at  the  cathode  where  the  arc  attached. 

(1)  Overall  Efficiency  and  Specific  Impulse  Characteristics 
The  thrust  efficiency  (not  including  magnet-coil  and 
feed  system  power)  is  shown  in  Figure  32  as  a  function  of  specific 
Impulse  for  Models  LAJ-AF-CG-1A  and  IB.  Model  !A  with  one  magnet  coil 
located  behind  the  anode  was  as  shown  in  Figure  26.  Model  IB  had  the 
same  electrode  configuration  as  LA  but  another  magnet  coil,  identical 
to  that  used  with  Model  LA,  was  installed  in  front  of  the  anode.  These 
two  coils  were  connected  in  series,  "aiding"  so  that  the  field  strength 


5090-Phase  II  Final 


84 


3 jl 


L 


'  '  -*4 


•  i 


.  i 


(for  the  same  coil  current)  in  the  electrode  region  and  in  the  dis¬ 
charge  region  downstream  of  the  electrodes  was  considerably  increased 
(twice  as  strong  at  the  anode  face).  The  distribution  of  the  axial 
field  strength  on  the  centerline  is  shown  in  Figure  33  for  both  con¬ 
figurations. 

As  Figure  32  shows,  the  efficiency  ranges  up  to  50 
percent  at  an  I  of  about  3500  sec  for  Model  CG-1A  and  up  to  40  per¬ 
cent  at  an  I  of  about  3800  sec  for  Model  CG-1B.  The  difference  in 
sp 

performance  is  believed  to  be  caused  by  the  different  cathode  attach¬ 
ment  modes  as  described  above.  It  is  also  felt  that  Model  IB  perform¬ 
ance  in  the  tip  attachment  mode  will  be  somewhat  better  than  Model  1A 
based  on  the  observations  that:  (1)  the  thrust  per  unit  arc  current 
is  higher  in  this  mode;  (2)  the  thrust  increases  with  increasing  mag¬ 
netic  field  strength;  and  (3)  the  cathode  power  loss  is  lower  in  the 
tip  mode. 

(2)  Thermal  Efficiency  Characteristics 

The  thermal  efficiency  is  shown  in  Figure  34  as  a  func¬ 
tion  of  specific  impulse  for  both  the  1A  and  IB  versions  of  the  CG 
thrustor  configuration.  These  data  are  somewhat  uncertain  for  two 
reasons. 

In  the  Model  LA  tests,  radiation  from  only  the  rear 
portion  of  the  anode  is  absorbed  by  the  magnet  coil  housing.  Power 
radiated  from  the  front  (downstream  side)  of  the  anode,  along  with 
the  total  jet  power,  is  absorbed  primarily  by  the  tank  walls.  In 
order  to  estimate  the  thermal  efficiency  data  shown  in  Figure  34  the 
total  anode  power  loss  was  assumed  to  be  twice  that  absorbed  by  the 
magnet  housing.  The  efficiency  was  then  calculated  from 


thermal 


P  +  2  P 

cathode  magnet  housing 


V  I 
arc  arc 


The  power  loss  data  for  this  run  appeared  to  be  very  accurate,  based  on 
comparison  of  the  electrical  power  with  the  sum  of  the  powers  trans¬ 
ferred  to  tne  various  water-cooling  circuits. 
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AXIAL  DISTANCE  FROM  CATHODE  TIP,  inches 

Figure  33  Axial  Magnetic  Field  at  Coil  Centerline  for 
Thrustor  Models  AF-CG-1A  and  IB 
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With  Model  IB  the  anode  radiation  is  mostly  absorbed 
by  the  two  magnet  housings  since  the  view  factor  between  the  anode 
and  the  tank  walls  is  very  low.  'Hie  problem  with  this  run  was  the 
previously  described  fault  in  instrumentation  which  resulted  in  an 
erroneous  indication  of  arc  voltage.  Thus,  there  was  no  direct  meas- 
urement  of  electrical  power  input.  The  power  input  was  assumed  to  be 
equal  to  the  total  power  in  the  cooling-water  circuits.  This  seems 
to  be  valid  in  view  of  the  good  agreement  between  the  two  values  in 
the  previous  run.  The  thermal  efficiency  for  Model  IB  was  calculated 
from 
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tank 


thermal 
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water  circuits 


The  principal  difference  in  the  thermal  efficiency 
between  the  two  versions  was  again  in  the  cathode  power  loss  as  a 
result  of  the  different  cathode  arc-attachment  modes.  This  is  shown 
in  Figure  35  where  it  is  seen  that  the  effective  cathode  voltage  drop 
was  about  5  volts  for  Model  1A  and  about  7  to  11  volts  for  Model  IB. 

(3)  Parametric  Effects 

The  effects  of  the  independent  parameters  —  arc  current, 
mass- flow-rate,  coil  current  (magnetic  field  strength),  and  tank  pres¬ 
sures  —  are  shown  in  Figures  36,  37  and  38.  Figure  36  is  a  plot  of 
thrust  per  unit  current  as  a  function  of  the  parameter  i|r.  This  param¬ 
eter,  as  shown  by  the  theory,  should  properly  correlate  the  effects 
of  mass-flow-rate  and  arc  current.  Figure  36  indicates  that  the  thrust 
per  unit  current  was  higher  with  Model  1A  for  the  reasons  previously 
discussed.  The  data  in  Figure  36  were  taken  with  a  wide  variation  in 
magnetic  field  strength.  The  maximum  field  strength  was  the  1200  amp 
condition  with  Model  IB  and  the  minimum  field  strength  was  the  1200 
amp  condition  with  Model  1A  (see  Figure  33).  All  three  of  the  curves 
on  Figure  36  show  the  tendency  for  the  thrust  per  unit  current  to 
increase  with  increasing  t  UP  bo  some  asymptotic  level.  Although 
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Figure  35  Cathode  Power  Loss  versus  Arc  Current  for 
Models  AF-CG-1A  and  IB 
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Figure  36  Thrust  per  Unit  Arc  Current  versus  the  Parameter  \|r 
for  Models  AF-CG-1A  and  IB 
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there  art?  some  scatter  in  the  data,  the  parameter  f  still  appears  to 
provide  the  proper  correlation  of  thrust  measurements  at  a  constant 
magnetic  field  strength. 

The  effect  of  magnetic  f-*  ® Id  strength  Is  shown  more 
directly  for  Model  IB  in  Figure  37  where  thrust  per  unit  current  is 
plotted  is  a  function  of  the  coil  current.  Clearly  there  appears  to 
be  a  strong  effect  of  the  mass-flow-rate  on  the  influence  of  the  mag¬ 
netic  field  strength.  At  the  lower  mass-flow-rate  an  asymptotic  level 
of  thrust  ner  unit  current  appears  to  exist  above  a  coil  current  of 
1000  amperes,  where  the  field  strength  ac  the  anode  face  is  about 
4000  gauss.  At  the  higher  mass-f low-rate  there  are  not  sufficient 
data  to  make  a  firm  conclusion;  however,  it  appears  that  thrust  per 
unit  current  increases  linearly  with  magnetic  field  strength  and  does 
not  reach  an  asymptotic  level  even  at  a  value  of  the  field  strength 
of  4800  gauss.  Additional  data  are  needed  to  further  clarify  the 
influence  of  both  mass-flow-rate  and  magnetic  field  strength  on  the 
thrust  characteristics. 

Figure  38  shows  the  effect  of  test  chamber  pressure  on 
the  thrust  per  unit  current  for  Models  1A  and  IB.  The  two  sets  of 
results  were  taken  under  somewhat  different  conditions  and  it  is  not 
clear  whether  the  great  difference  in  the  characteristics  is  dependent 
on  how  the  tests  were  conducted.  With  Model  LA  the  thrust  and  pres¬ 
sure  .lata  were  recorded  during  a  transient  condition.  The  measurements 
were  taken  after  the  test  chamber  was  vented  to  the  diffusion  pump  over 
a  period  of  about  three  minutes,  during  which  time  the  test  chamber  was 

pumped  down  from  the  equilibrium  pressure  of  about  10  to  20  microns  to 

-4 

the  lower  equilibrium  pressure  of  about  2  x  10  torr.  As  Figure  38 
shows,  the  thrust  increased  as  the  pressure  decreased  and  achieved  an 
asymptotic  condition  at  about  10  ^  torr.  For  the  Model  IB  tests  it  was 
decided  to  bleed  argon  into  the  tank  to  control  the  pressure  at  steady 
state  conditions  for  obtaining  the  effects  of  tank  pressure  on  thrust. 
Figure  38  shows  that  under  these  conditions  the  thrust  had  a  maximum 
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value  at  about  3  to  4  microns  and  decreased  as  the  pressure  decreased, 
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again  reaching  an  asymptotic  level  at  about  2  x  10  torr.  These 


results  must  be  considered  tentative  at  this  time  —  they  do  not  neces¬ 
sarily  show  that  the  previous  results  obtained  during  the  transient 
are  erroneous  nor  do  they  show  conclusively  that  the  two  thrustor  ver¬ 
sions  have  different  characteristics.  It  is  possible  that  the  flow 
which  was  injected  into  the  tank  induced  a  circulating  flow  pattern 


which  caused  an  erroneous  thrust  indication. 


In  the  tests  Just  described  with  the  CG-1A  and  IB  gas- 
stabilized  cathode  configurations  the  boron-nitride  shroud  around  the 
cathode  was  not  totally  satisfactory  for  long  endurance.  Therefore, 
this  shroud  was  replaced  by  the  tungsten  buffer-shroud  shown  in 
Figure  31  which  is  a  drawing  of  Models  CG-1C  and  CG-1D. 


The  tests  described  below  with  these  versions  of  the 


CG  thrustor  indicated  that  this  design  is  capable  of  long  endurance 
and  high  efficiency  with  the  magnet-coil  power  at  a  low  level  compared 
to  the  arc  power  input. 

The  effects  of  the  field  strength  and  the  magnet  power 
level  on  engine  performance  are  indicated  in  a  meaningful  way  through 
the  power- to- thrust  ratio.  Power  per  unit  thrust  for  the  CG-1C  and 
CG-1D  engine  configurations  is  shown  in  Figure  39  as  a  function  of 
magnet  current  in  two  ways  —  one  where  magnet  power  is  not  included 
and  the  other  with  actual  magnet  power  added  to  the  arc  power.  The 
difference  between  the  two  curves  of  Figure  39  represents  the  power 
penalty  of  the  magnet  and  it  is  seen  that  this  penalty  can  be  small 
without  excessive  loss  of  performance.  This  penalty  can  be  further 
reduced  by  optimizing  both  the  coll  internal  design  and  the  magnetic 


field  shape. 


Power  per  unit  thrust  is  an  appropriate  parameter 


because  the  efficiency  within  the  I  range  of  interest  is  roughly 


proportional  to  I 


If  it  were  exactly  proportional,  the  power  per 


unit  thrust  would  be  constant  and  the  I  would  not  have  any 

sp  7 
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POWER  TO  THRUST  RATIO,  kW  per  newton 


MAGNET  COIL  CURRENT,  1000  A 


Figure  39  Power  to  Thrust  Ratio  for  Model  LAJ-AF-CG-1  versus 
Magnet  Coil  Current 
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I 


significance.  Actually,  in  this  case,  the  optimum  I  for  any  mission 

sp 

would  be  at  the  maximum  I  available,  disregarding  any  effects  on 

sp 

life-time. 

The  effects  of  magnetic-field  strength  and  magnet- 
power  on  thermal  efficiency  are  shown  in  Figure  40  where  thermal  effi¬ 
ciency  is  plotted  versus  the  magnet  coll  current.  These  data  indicate 
that  the  electrode  losses  as  a  percentage  of  the  power  into  the  arc 
increase  slightly  as  the  magnetic  field  strength  is  decreased.  This 
behavior  is  caused  by  a  decrease  of  the  discharge  voltage  while  the 
effective  voltage  loss  at  the  electrodes  remains  about  constant. 

Though  an  efficiency  based  on  inclusion  of  magnet  power  is  not  strictly 
a  thermal  efficiency,  it  is  of  interest  because  it  may  have  a  maximum 
value,  as  the  lower  curve  in  Figure  40  shows. 

The  efficiency  -  Igp  characteristics  of  the  CG  engines 
are  shown  by  Figures  41,  42  and  43.  Figure  41  shows  the  results  for 
both  nitrogen  and  hydrogen  as  the  cathode  gas.  As  expected  it  was 
possible  to  operate  the  engine  at  lower  mass-flow-rates  with  hydrogen 
and  hence  higher  specific  impulse  than  with  ritrogen.  Also,  the  thrust 

efficiency  was  slightly  higher  (at  the  same  1  )  when  hydrogen  was 

sp 

used.  Though  not  shown  graphically,  the  thermal  efficiency  was  con¬ 
siderably  higher  with  hydrogen  (76  to  79  percent)  than  with  nitrogen 
(66  to  68  percent).  The  correct  explanation  for  this  large  difference 
is  not  clear  at  the  present  time  but  will  be  pursued  since  it  may  pro¬ 
vide  more  insight  into  the  acceleration  processes. 

Figure  42  shows  additional  performance  data  for  the 
CG-1C  engine  at  lower  magnetic  field  strengths  than  in  Figure  41. 

Ihe  efficiency  is  slightly  lower  (as  also  Indicated  by  Figure  39)  due 
to  the  weaker  field.  This  run  was  extended  over  a  period  of  about  4 
hours  to  yield  information  about  the  endurance  capability.  The  per¬ 
formance  over  the  4  hour  period  is  represented  by  the  cluster  of  data 

points  in  the  1  range  of  4200  to  4600  seconds.  Throughout  the  period 

sp 

there  was  intermittent  attachment  of  the  discharge  to  the  test  chamber 
wall  causing  the  scatter  of  results. 
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Figure  43  shows  results  for  still  lower  field  strengths 
end  were  obtained  with  a  slightly  modified  magnetic  field  shape 
(Model  IAJ-AF-CG-1D)  .  The  downstream  coil  of  the  double-coil  magnet 
was  moved  downstream  1/2  inch  to  give  a  stronger  field  gradient  at 
the  cathode  tip.  The  intent  of  this  shift  was  to  provide  for  more 
stable  attachment  of  the  discharge  at  the  cathode  tip.  Figure  43 
includes  efficiency  calculated  both  with  and  without  the  magnet  power 
Included. 

The  lines  between  points  in  Figures  41,  42  and  43 
connect  the  measurements  of  maximum  and  minimum  thrust  during  oscilla¬ 
tions.  These  oscillations  were  caused  by  attachment  of  the  discharge 
to  the  chamber,  fluctuation  of  the  lithium  feed  rate,  or  unstable 
attachment  at  the  cathode  tip. 

As  a  result  of  the  extended  magnetic-field  configura¬ 
tion  used  in  this  engine,  the  discharge  partly  attached  periodically 
to  the  wall  of  the  tank  opposite  the  engine.  The  chamber  Interference 
is  not  a  matter  of  low  leakage  currents  through  the  tank  and  cathode 
jet  (as  observed  in  the  10  kU  test  at  NASA-LRC,  Ref.  6).  Rather  it 
appears  that  a  local  current  loop  existed  from  the  anode  sheath 
through  the  tank  wall  (radially)  and  then  through  the  cathode  jet. 

It  occurred  intermittently,  as  observed  by  luminous  discharge  spots  on 
the  wall.  It  appears  that  the  thrust  is  lower  during  such  attachment 
as  expected  from  the  probable  acceleration  mechanisms  of  the  engine 
(i.e.,  the  current  through  the  plasma  across  magnetic  field  lines  is 
lower).  Because  of  the  tank  interference  problem,  additional  investi¬ 
gation  of  this  engine,  the  endurance  test,  and  other  events  represent¬ 
ing  completion  of  the  second  phase  of  the  contract  were  delayed  until 
a  longer  test  chamber  was  provided.  The  chamber  was  extended  by 
adding  an  existing  EOS  6x8  chamber  to  the  USAF  6x6  lithium  chamber 
as  shown  in  Figure  44.  The  resulting  6  x  14  chamber  combination  was 
too  large  for  the  old  laboratory  at  125  North  Vinedo  and  was  installed 
in  the  new  lab  at  250  North  !ial stead. 
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Subsequent  tests  in  the  extended  chamber  were  directed 
primarily  toward  demonstrating  endurance  capability.  However,  the  en* 
glne  performance  agreed  closely  with  the  data  from  the  6x6  chamber  pre¬ 
sented  above . 
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SECTION  VIII 


ENDURANCE  TESTS 

Tests  to  determine  the  lifetime  of  the  engine  were  started  in 
the  6  ft  x  6  ft  rank.  It  was  discovered  that  after  several  hours  of 
operation  the  discharge  would  attach  intermittently  to  the  end  of  the 
vacuum  chamber.  It  was  postulated  that  this  occurred  because  of  the 
buildup  of  lithium  on  the  tank  walls.  An  attempt  to  stop  this  attach¬ 
ment  was  made  by  mounting  an  18  inch  diameter  water  cooled  target  in 
the  tank.  This  target  was  el<  trlcally  insulated  from  the  tank  and 
from  the  arc  electrodes.  This  did  not  solve  the  problem,  as  the  dis¬ 
charge  was  found  to  now  attach  intermittently  to  the  target  after 
several  hours  of  running  time.  This  problem  appeared  serious  enough 
to  discontinue  the  tests  and  sudify  the  facility.  An  8  ft  x  6  ft  tank 
was  added  to  the  6  ft  x  6  ft  tank  and  two  more  diffusion  pumps  were 
attached  to  the  new  section. 

A  nuaber  of  tests  were  conducted  in  the  enlarged  facility.  Dur¬ 
ing  one  2-hour  run  it  was  found  that  the  flow  rate  of  propellant  was 
not  steady.  The  observations  Indicated  that  the  flow  tended  to 
oscillate  around  the  Man  flow  rate  with  a  period  of  about  1  hour. 

When  the  flow  rate  fell  below  the  mean  value  the  following  effects 
were  observed: 

1.  The  arc  voltage  would  Increase 

2.  The  anode  power  loss  would  Increase 

3.  The  thrust  would  drop 

4.  The  anode  and  Insulator  would  heat  up  and  particles  of 
Insulator  material  would  erode  off  in  an  intermittent  manner. 

The  engine  tended  to  flood  when  the  flow  rate  became  greater  than  the 
mean.  Liquid  droplets  of  lithium  would  form  on  the  anode  and  sputter 
out  of  the  engine.  When  this  occurred  the  arc  voltage  would  decrease, 
the  anode  pow'.r  loss  would  decrease  and  the  thrust  would  increase. 
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The  unevenness  In  feed  rate  was  eventually  traced  directly  to  the 
bellows  feeders  end  their  interaction  with  the  vaporizer.  TVo 
approaches  to  solving  the  problem  were  taken.  First,  the  bellows 
feed  systems  were  overhauled  and  attempts  made  to  determine  the  exact 

h 

reason  for  their  periodic  behavior.  Second,  a  new  high  capacity  feed 
system  was  designed  and  fabricated  which  operated  on  the  vapor  feed 
principle,  l.e.,  it  used  a  sonic  orifice  to  control  and  measure  the 
feed  rate.  Si-ce  this  approach  involved  a  considerable  effort,  it 
was  decided  It  conjunction  with  APL,  Wright- Patterson  Air  Force  Base, 
to  postpone  Hie  attempt  to  obtain  SO  hours  run  time  on  one  engine 
until  later  in  the  program.  The  data  obtained  from  this  series  of 
tests  (Runs  711  to  724)  are  reported  in  Tables  I  and  II  of  Appendix  I. 


I 


Because  of  these  fluctuations,  some  of  the  overall  efficiencies  com¬ 
puted  in  Appendix  1  must  correspondingly  vary  above  and  below  the 
values  associated  with  the  'ppropriate  average  mass  flow  rate. 
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TAP'-E  1  SUMMARY  CF  TESTS  CONDUCTED 


Elapsed 


Run 

Number 

Date 

Time 

(hra/min) 

Configuration 

Propellant 

Chamber 

Feed 

System 

672 

4-29-65 

:  28 

High  Vacuum  Tests 

AF-6D 

Li 

5x12 

Bellows 

673 

5-2-65 

:  54 

AF-6D 

Li 

5x12 

Bellows 

674 

5-4-65 

:  10 

AF-6D 

Li 

evl2 

Bellows 

675 

5-28-65 

1:05 

Potassium  Tests 

AF-6D 

K 

6x6 

Bellows 

676 

6-3-65 

:45 

AF-6D 

K 

6x6 

Bellows 

677 

6-17-65 

2:10 

AF-6D 

K 

6x6 

Bellows 

678 

6-29-65 

:51 

AF-6D 

K 

6x6 

Bellows 

679 

7-7-65 

:33 

AF-6D 

K 

6x6 

Bellows 

680 

7-8-65 

1:38 

AF-6D 

K 

6x6 

Bellows 

681 

7-20-65 

1:45 

AF-6D 

K 

6x6 

Bellows 

682 

11-8-65 

— 

BF-1 

K 

6x6 

Boiler 

683 

11-15-65 

— 

BF-1 

K 

6x6 

Boiler 

684 

11-23-65 

— 

BF-1 

K 

6x6 

Boiler 

685 

12-1-65 

1:00 

BF-1B 

K 

6x6 

Boiler 

686 

12-15-65 

:20 

BF-1C 

K 

6x6 

Boiler 

687 

12-16-65 

:20 

BF-1C 

K 

6x6 

Boiler 

688 

12-16-65 

:20 

BF-1 

K 

6x6 

Boiler 

689 

12-17-65 

:  10 

BF-1 

K 

6x6 

Boiler 

690 

12-17-65 

:35 

BF-1 

K 

6x6 

Boiler 

691 

12-23-65 

:  10 

BF-1C 

K 

6x6 

Boiler 

692 

1-6-66 

:  45 

BF-1D 

K 

6x6 

Boiler 

Buffer  Configuration  Tests 


693 

1-24-66 

:  25 

BF-1E 

Li 

6x6 

Boiler 

694 

1-29-66 

— 

BF-1E 

Li 

6x6 

Boiler 

695 

1-31-66 

1:00 

BF-1E 

Li 

6x6 

Boiler 

696 

2-9-66 

:  10 

BF-1E 

Li 

6x6 

Boiler 

697 

2-16-66 

— 

BF-1E 

Li 

6x6 

Boiler 
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TABLE  I  SIJmVRY  OF  TESTS  CONDUCTED  (contd) 


Run 

Number 

Date 

Elapsed 

Time 

(hrs/min) 

Configuration 

Propellant 

Chamber 

698 

2-21-66 

1:40 

BF-1E 

Li 

6x6 

699 

2-22-66 

1:30 

BF-1E 

LI 

6x6 

700 

3-2-66 

:40 

AF-BG-1 

li/n2 

6x6 

701 

3-11-66 

2:03 

AF-BG-1 

li/n2 

6x6 

702 

3-22-66 

3:41 

AF-BG-1A 

li/n2 

6x6 

Magnet 

Conf ifiuratlon 

Testa 

703 

3-28-66 

— 

AF-CG-1 

li/n2 

6x6 

704 

3-31-66 

1:25 

AF-CG-1 

li/n2 

6x6 

705 

4-11-66 

3:00 

AF-CG-1B 

li/n2 

6x6 

706 

4-19-66 

— 

AF-CG-iC 

Li/Hj* 

Li/N2 

6x6 

707 

4-26-66 

2:08 

AF-CG-1C 

li/h2, 

Li/N2 

6x6 

708 

5-6-66 

4:17 

AF-CG-IC 

li/h2 

6x6 

709 

5-9-66 

3:05 

AF-CG-1D 

li/h2 

6x6 

710 

5-12-66 

:  38 

AF-CG-1D 

li/h2 

6x6 

Endurance  Test* 

711 

6-30-66 

:  09 

AF-CG-1D 

LI 

6x6  + 

6x8 

712 

7-1-66 

— 

AF-CG-1D 

Li 

6x6  + 

6x8 

713 

7-6-66 

— 

AF-CG-1D 

Li 

6x6  + 

6x8 

714 

7-7-66 

1:24 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

715 

7  8-66 

:  28 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

716 

7-8-66 

4:13 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

717 

7-9-66 

2:15 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

718 

7-12-66 

2:58 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

719 

7-13-66 

:  54 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

720 

7-14-66 

9: 16 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

721 

7-15-66 

4:50 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

722 

7-20-66 

1:15 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

723 

7-28-66 

9:04 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

724 

8-8-66 

6:47 

AF-CG-1D 

Li/H2 

6x6  + 

6x8 

Feed 
Sy» tern 

Boiler 

Boiler 

Bellow* 

Bellow* 

Bellow* 

Bellow* 

Bellows 

Bellow* 

Bellow* 

Bellow* 

Bellows 

Bellows 

Bellow* 

Bellows 
Bellows 
Bellow* 
Bellow* 
Bellow* 
Bellows 
Bellow* 
Bellow* 
Bellows 
Bellows 
Bellows 
Be 1 lows 
Bellow* 
Bellows 
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TABLE  II  TEST  RESULTS 
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APPENDIX  II 


X-ATRON  ANALYSIS 


The  heetlng  mechanleiae  of  the  Hell  Current  Accelerator,  when 
operated  at  vary  low  pressure# ,  are  vary  similar  to  those  of  the 
X-ATRON  device.  In  the  Hall  accelerator,  the  Internal  and  rotational 
energies  produced  are  converted  to  axial  kinetic  energy  by  expansion 
through  a  magnetic  nozzle.  Since  many  of  the  heating  mechanisms  may 
be  similar,  a  recent  analysis  of  the  X-ATRON  has  been  Included  In  this 
Appendix. 
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The  analysis  of  Che  heating  and  confining  In  X-ATRON-like  devices 
has  been  a  continual  effort  over  the  past  three  years*  The  conclusion 
of  an  earlier  analysis  was  that  heating  and  confining  were  good  but 
end  losses  of  energy  were  too  large.  For  this  reason  attention  was 
placed  upon  a  model  which  Incorporates  flow  away  from  the  electrodes 
so  that  convective  cooling  prevents  back  conduction.  Early  analysis 
also  showed  that  It  Is  difficult  to  support  potential  near  the  elec¬ 
trodes  where  the  azimuthal  rotation  Is  small.  Thus  it  was  decided  to 
move  the  anode  away  so  that  there  could  be  a  vacuum  separation  to  sup¬ 
port  potentials  near  the  end.  The  analysis  which  follows  studies  the 
dense  cathode  Jet  and  low  density  anode  jet  and  their  interaction,  In 
order  to  optimize  the  configuration  and  find  scaling  laws  for  X-ATR0N. 

1.  Approximations  and  Equations 

The  analysis  of  any  device  as  complex  as  X-ATRON  must  Involve 
many  simplifying  approximations  in  order  to  get  solutions.  Some  of 
these  approximations  can  be  checked  once  the  analysis  Is  completed  to 
see  If  the  assumptions  are  consistent  with  the  answers.  Others  must 
be  checked  by  experiment.  In  this  section  a  partial  list  of  the  assump¬ 
tions  has  been  made,  together  with  justification  where  possible. 

a.  The  existence  of  a  steady,  axially  symmetric  operation,  with 
anode  and  cathode  Jets  is  assumed.  This  is  based  upon  past 
experiments.  The  stability  of  this  mode  of  operation  at 
higher  currents  is  as  yet  unknown. 

b.  The  cathode  jet  is  a  collision-dominated  plasma  which  can  be 
described  in  terms  of  averaged  properties  and  transport  coeffi¬ 
cients.  It  consists  of  a  fully  ionized  plasma  in  which  there 
are  only  two  species,  electrons  and  ions.  The  Debye  distance 
is  small  compared  to  the  dimensions  of  the  device,  so  that 
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the  number  density  of  the  two  species  Are  equal  almost 

everywhere.  The  magnetic  Reynolds  number  is  small,  so  that 

the  magnetic  fields  are  almost  unaltered  by  the  plasma.  It 

is  convenient  to  use  mass  velocity  and  current  rather  than 

ion  velocity  and  electron  velocity  as  the  variables.  We 

also  write  mass  averaged  conservation  laws  and  generalized 

Ohm's  laws  rather  than  ion  and  electron  conservation  laws. 

The  equatlors  which  were  used  are  shown  in  Table  I.  There 

is  no  dissociation  or  recombination.  The  term  P  in  the 

r 

energy  equation  includes  conduction  and  radiation  of  power. 

c.  The  anode  Jet  is  a  nearly  collisionless  cloud  of  electrons 
and  ions  in  an  annular  voluise  surrounding  the  cathode  Jet. 

Near  the  cathode  the  anode  Jet  is  separated  from  the  cathode 
Jet  by  a  vacuum.  It  is  assumed  that  the  volume  is  neutral 
and  that  individual  particle  motion  is  described  by 

M  * _ 

m  r  -  e  (E  +  r  x  B)  (1) 

where  E  and  B  are  applied  electric  and  magnetic  fields. 

d.  The  applied  electric  and  magnetic  fields  will  be  approximated 
for  the  purpose  of  the  analysis.  The  electric  field  Is  greatly 
affected  by  the  presence  of  the  plasma,  the  magnetic  field  is 
not-  Space  charges  will  build  up  within  the  piasaia  to  cause 
magnetic  field  lines  to  be  nearly  equlpotentlal.  The  space 
charges  require  negligible  percentage  difference  in  the  num¬ 
bers  of  ions  and  electrons. 

The  only  thing  which  can  support  potential  drops  along  the 
field  Is  electron  collisions  with  ions,  such  as  will  occur  in  the 
cathode  Jet.  In  the  anode  Jet,  it  is  assumed  that  the  magnetic  field 
lines  are  equipotentiais.  Thus  the  cathode  and  anode  Jet  are  like 
virtual  electrodes  for  the  source  and  sink  of  the  radial  currents. 

The  applied  magnetic  field  will  be  nearly  axial  with  a  small 
{radial  component.  Thus  to  a  reasonable  degree  of  accuracy 
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TABLE  I  EQUATIONS  FOR  DENSE  PLASMA 


Continuity 


Ho— nttan 


r  h  (rpu)  *  to  (pw)  *  0 


-  JpB 
Sr  r  9z 


h  £  (r2<wv)  +  h  <‘MV) 


J  B 
*  r 


J  B 
r 


r*  <rP"')  +  to  (»2  *  p)  ' 


JJB 
8  r 


Enthalpy 


p  . .  j  i*.  j  * 

r  r  or  z 


Continuity 


Ohm's  Laws 


1  _  \r  i 

-  J  +  — — 
a  r  en 

e 


i  i  dJ 

;  &  <tJr>  +  IT  ■  0 


.  |E  +  _i_  |E  +  VB 

dr  ^en^  dr  z 


,  J  B  -  J  B 

I  j  +  _L_I - LJl  .  +  wB  -  uB 

a  0  en  r  z 

e 
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+  1 


*  w 


r  *  «"• 


/>  Jit; 


*> 


1-.-1 


r  <*B(z) 
2  dr 


2.  Overall  Conservation  Laws 

The  local  conservation  laws  o  f  Table  1  can  be  integrated  to 
give  overall  conservation  laws.  In  addition  to  the  obvious  energy, 
linear  nonentun,  and  conservation  laws,  there  are  two  nore  which  can 
be  Integrated. 

The  angular  ■oroentum  equation  can  be  Integrated  over  the 
cathode  Jet  of  radius  R  to  give: 

.  /l  R  ,  2 »  « 

~  |  J  pw(rV)2nrdr  ♦  J  J^B  j-Jlnrdrj  -  0  (3; 

o  o 

Stated  in  words,  the  change  in  the  flux  of  angular  momentum  is  propor¬ 
tional  to  tne  change  of  the  magnetic  field  encoopassed  by  the  current. 

2 

Notice  that  B  r  /2  is  1/2 tt  tines  the  amount  of  nagnetlc  field  inside  r. 

Equation  3  can  be  simplified  for  the  special  case  where  pw  and  J  have 

2 

the  sane  radial  distribution,  and  V  -  u>(z)  *  r, 


Tz  (*•  r2  - 11  r)  ■  0 


The  radial  momentum  equation  can  be  Integrated  by  using  the 
azimuthal  Ohm's  lew  and  the  continuity  equations  to  give 

j  p(p  ♦  ov2)2rmlr  -  -^1  ±-  f  (p„  -  -i  J J^^nrdr  (5) 

o  a  o 


where 


P(»)  -  f  -  o.  f  -  0 
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Thus  pressure  Is  due  to  mess  and  current  crossing  the  magnetic  field. 

Integral  5  Is  a  form  of  diffusion  equatlrn;  where  -  -~j  is  the 

electron  flux,  the  Integral  is  the  amount  of  magnetic  field  encompassed 

by  the  electron  flux,  and  hence  the  leakage  (change  of  encompassed 

2 

field)  is  proportional  to  p  /B  okT. 


3.  The  Anode  Jet 

The  purpose  of  this  analysis  is  to  study  the  notions  of  the 
ions.  The  components  of  the  equation  of  motion  (Eq.  1)  in  cylindrical 
coordinates  with  Jxlal  symetry  and  steady  fields  are: 

.<?  -  re2)  -  «(-  U  +  -  iBe) 

m(r*0  ♦  2rfe)  -  e(  ♦  i»r  -  rB^)  (6) 

“  -  *('  U  +  *»e  - 

The  energy  and  angular  momentum  Integrals  are 

*  et  ■  const, 

2.  *  W 

mr  8  +  e  |  B  (s,s)  sds  ■  const. 

•J  2 


In  the  second  part  of  Eq.  7,  the  Integral  is  r  times  the  vector 

2 

potential,  and  to  our  approximation  for  magnetic  fields  is  B  r  /2. 

If  particles  are  Introduced  at  rest  from  an  anode  at  potential  and 
radius  ,  then 
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The  minimum  potential  to  get  an  ion  from  R^  to  R^  defined 


as  the  minimum  radial  coordinate  of  an  ion  trajectory,  occurs  when 


r  •  i  •  0  at  r  ■  R  and 

cr 


«/  -  $ 


2  /  2  2  V 

eB  lRA-Rcr^ 


8m  R 


(9) 


Equation  9  lc  the  voltage  drop  of  the  very  low  density  anode  jet. 

If  some  Bg  la  supplied  (by  currents  in  an  interior  cathode  jet) 
and  If  Eg,  la  Inward,  then  an  axial  drift  (away  from  the  cathode  of  the 
Inner  conductor)  occurs.  If  the  Bg  were  not  present,  the  ion  motion 
would  consist  of  azimuthal  drift  with  a  circular  motion  superimposed. 

The  path  a  particle  follows  Is  called  a  hypocyclold.  The  addition  of  a 
Bg  field  skews  the  applied  field  so  that  the  drift  perpendicular  to  the 
total  Bg/Bg  field  produces  an  axial  component.  The  velocity  at  the  larger 
radius  of  the  path  Is  primarily  redial,  and  the  velocity  at  the  inner 
radius  Is  both  azimuthal  and  axial.  Thus  the  azimuthal  and  axial  current 
carried  by  the  anode  jet  is  carried  near  Its  Inner  edge. 

4.  The  Cathode  Jet 

A  plasma  flow  away  from  the  cathode,  which  carries  current 
tcxrard  the  cathode  and  moves  along  a  magnetic  field,  will  be  analyzed. 

The  existence  of  such  a  flow  In  X-AIRON  is  probable,  since  it  has 
boon  observed  In  early  me  dels  which  have  a  similar  configuration. 

The  cathode  jet  can  confine  pressure  by  inducing  azimuthal  currents 
which  Interact  with  the  applied  magnetic  field.  The  pressure  i6  the 
result  of  the  diamagnetic  effect  of  the  plasma.  The  cathode  jet  can 
heat  the  plasma  by  dissipation  of  electrical  power.  The  purpose  of 
the  analysis  which  follows  is  to  study  the  heating  and  confining  in  a 
cathode  jet. 

The  analysis  in  this  proposal  is  divided  into  two  parts. 

First  a  simplified  set  of  equations  will  be  derived  and  solved.  Next 
s  more  complete  set  of  equstions  will  be  discussed.  A  solution  of 
the  more  complete  equations,  when  it  is  found,  will  give  a  more 
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accurate  description  of  the  distribution  of  the  temperature,  velocity, 
pressure,  and  currents.  The  simplified  solution  is  valuable  because 
it  predicts  trends  (scaling  laws)  and  incorporates  most  of  the  mecha¬ 
nisms,  without  undue  complexity.  The  simplified  analysis  i6  a  quasi- 
one  dimensional  theory  which  considers  only  average  properties  at 
each  cross  section. 

In  tne  qua si -one  dimensional  approach  it  is  possible  to 
separate  the  gas  dynamics  from  the  plasma  physics.  The  gas  dynamics 
of  a  quasi-one  dimensional  flow  gives  the  pressure,  velocity  and  tem¬ 
perature  as  a  function  of  the  change  of  area,  addition  of  momentum, 
and  addition  of  energy.  In  the  cathode  jet  the  plasma  physics  gives 
the  area  change  (diffusion  across  the  applied  magnetic  field)  the 
momentum  change  (J  XI  Loren  tz  forces)  and  energy  input  (due  to  elec¬ 
trical  conduction) . 

One  important  feature  of  the  cathode  jet  is  the  existence 
of  rotation  about  the  axis,  which  causes  radial  pressure  gradients 
due  to  centrifugal  effects,  radial  potential  gradients  due  to  vll, 
and  allows  much  of  the  energy  to  be  put  into  azimuthal  kinetic  energy. 
Radial  pressure  gradients  will  be  neglected.  Radial  potential  gradi¬ 
ents  and  azimuthal  kinetic  energy  are  domirant  and  cannot  be  neglected. 
An  azimuthal  momentum  equation  will  be  used  in  addition  to  the  gas 
dynamics  and  plasma  physics  to  determine  the  rotational  aiotion  of  the 
quasi-one  dimensional  cathode  jet. 

The  gas  dynamic  equations  include  continuity,  momentum 
energy  and  an  equation  of  state. 

Continuity 

—  (pAw)  -  0  (10) 


Axial  Momentum 

—  (Ap  +  mw)  *  (a.:ial  force  per  unit  length) 
dz 


(ID 
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Energy 


®  di  (7? r  ir + !“)  "  (energy  input)  ' 


(change  of  azimuthal 
kinetic  energy) 


(-0 


State 


P  “ 


map 

2kT 


(13) 


In  a  purely  axial  magnetic  field,  the  axial  Lorentz  force  per  unit 
length  is  zero,  so  the  momentum  equation  can  be  integrated.  We  shall 
consider  that  the  magnetic  field  is  purely  axial  (l.e.,  E  *0). 

The  energy  input  per  unit  length  is  given  by 


-  s  r  <•>.  •  *> 


and  the  change  of  azimuthal  kinetic  energy  by 

37  !  pw2"dA  • 

If  ■  0,  the  gas  dynamic  equations  can  be  Integrated. 

The  plasma  physics  equations  include  the  generalized  Ohm's 
laws  and  the  radial  momentum  equation.  These  give  an  equation  for 
the  rate  of  growth  of  the  Jet  due  to  diffusion  across  the  field. 


(14) 


(15) 


dJt 

dz 


rtn^Rp 


B2  okT 


(16) 


This  is  the  rate  of  growth  due  to  classical  diffusion.  It  is  neces¬ 
sary  to  find  the  potentials  to  calculate  the  energy  input.  The  radial 
potential  gradient 

.  .  mV  ,  _  , 

M  rn  BV  +  _ — _  -  -^2  1  JE 

dr  er  e  p  dr 


(17) 
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— 


\m*wa 


t- — 


*  ^ 


* 


Is  given  by  the  radial  ion  momentum  equation.  Finally  the  axial 
Ohm's  law  gives 


The  azimuthal  momentum  equation  is  given  in  Eq.  3. 


2  2 

If  we  let  (V  ■  m/TR  ,  J  ■  -I/TR  ,  and  v(r,z) 

z 


-  w(z)  •  r. 


to  get  one  dimensional  motion,  then 


?  2 

d  r.  IT  TO  R  1  A 

ii  Lm  r  “  * 11  rJ  *  0 


:(*2  -  -0 


where  ou  -  0  when  R  »  R  ,  the  radius  of  the  cathode  attachment  cone. 

c 


If  the  angular  velocity  is  given  by  Eq.  20,  and  the  third 
term  (~  kT/e)  of  Eq.  17  is  small,  then  Eq.  17  can  be  solved  for  the 
radial  potential  drop.  Since  o  is  large,  there  is  negligible  potential 
drop  the  axis.  Equations  14  and  15  can  be  evaluated  and  the 

energy  equation  integrated 


•  &“)  +  d£)V  •  "c) +  a- 

inlet  L  J 


:(«2  -  0 


t  »2  2 

ra  I  R  -  R 

a  c 


Finally,  Eq.  16,  the  radial  diffusion  equation  can  be 
Integrated  to  find  the  length  L  required  to  reach  any  desired  radius, 
since  plasma  conductivity  a  is  proportional  to  and  both  tempera- 


2  2 

ture  and  pressure  variation  with  R  are  known.  If  R  »  R^,  then 
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L  • 


.4 

m 


(23) 


Continuity  can  be  used  to  find  the  axial  velocity 


2n  kT 

\  (pT*2) 


(24) 


Since  the  velocity  incraaaea  linearly  with  temperature,  the  Mach 

1/2 

niaeher  M  ■  w  (a^/2>kT)  will  Increase  with  the  square  root  of  tem¬ 
perature.  The  maximum  Mach  number  occurs  at  the  hottest  point,  and  a 

2 

sonic  condition  there  will  determine  (pffl  ). 


2  2 

where  the  last  form  is  for  R  »  R  .  Thus  we  have  found  solutions 

c 

for  all  quantities  by  the  quasi-one  dimensional  flow  method. 

There  le  another  method  to  compute  the  amount  of  pressure 
which  can  be  confined  in  the  cathode  jet.  The  radial  diffusion  will 
be  greatest  where  the  Jet  is  coldest,  which  is  near  the  cathode. 
Hence  the  inlet  region  will  limit  the  amount  of  pressure.  The  same 
radial  diffusion  of  elections  which  conflnec  pressure  produces  rota¬ 
tion.  This  axial  rotational  gradient  forces  the  axial  current  to 
move  to  the  outside  of  the  jet.  If  the  maximum  radial  diffusion  of 
electrons  occurs  such  that  no  backward  flow  of  electrons  along  the 
centerline  occurs,  then  the  largest  pressure  which  can  be  confined 


is  given  by 


kT.  . 
inlet 


(26) 


The  pressure  will  be  the  smaller  of  Eqs.  25  or  26. 

The  expression  for  pressure  shown  In  Eq.  26  indicates 

that  the  wall  confinement  limits  for  the  plasma  are  the  factors  which 

will  determine  the  confined  pressure.  It  is  not  yet  clear  whether  one 

2 

should  maximize  p,  or  p  R  at  the  position  where  the  plasma  leaves 

the  containing  cylinder  (e.g. ,  buffer  or  segments).  In  either  case 
the  procedures  outlined  in  Ref.  13  can  be  used  to  help  design  the 
cathode-buffer  and/or  cathode-segment  structure. 

If  a  rather  long  arc  segment  column  is  used,  then 
maintaining  the  stability  of  the  wall  confined  arc  in  the  presence  of 
an  axial  magnetic  field  will  be  important.  The  arc  has  been  found  to 
go  unstable,  presumably  forming  a  helical  path,  at  low  arc  currents 
(Ref.  14).  Recent  experiments  et  EOS,  however,  indicate  that  this 
instability  becomes  suppressed  at  higher  arc  currents.  Since  the 
X-ATRON  will  operate  at  quite  high  currents,  there  is  thus  reason  to 
expect  that  the  discharge  will  remain  steady  and  axisymmetric  in  the 
confined  arc  column. 

The  radius  at  which  the  anode  and  cathode  jets  meet  will  be 
such  as  to  minimize  the  total  potential. 


b2i 


(«2  -  *2) 


total 


4m 


_  »2  „2  _2/_2 

m  I  R  -  R  eB  IR. 

,  .  _ac _ c  V  A 

■*  R2  +  8  n  R2 

aa 


R 


(27) 


The  value  of  R  which  minimizes  Eq.  27  is  called  Rcr£t  and  is 


4  m 

R.  +  , 

A  m_  _ 

c 


aa  2 
ac 


crit 


m 


1  + 


aa 


m 


ac 


2(1  +  Yc)  ' 
c 


(28) 
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■rr  ■ 

*  •*  *  • 


« 


* 


where 


mm* 


. 


am 


Notice  that  different  atomic  meases  are  allowed  for  the  two  jets. 


Thus  in  the  X-ATRON,  the  joining  radius  is  given  by  Eq.  28,  which  then 
allows  the  ealculatiem  of  ell  other  quantities. 

a.  Detailed  Solution  for  Cathode  Jet 

Additional  analysis  Is  needed  to  find  the  radial 
distribution  of  mess  flow,  current,  pressure,  potential,  and  azimuthal 
velocities.  The  quasi-one  dimensional  analysis  is  incapable  of  finding 
these  distributions.  The  pressure,  for  example,  may  have  a  radial 
profile  which  has  a  maximum  off-axis  if  the  centrifugal  forces  are 
large.  The  axial  current  density  will  not  be  uniform,  since  rates  of 
change  of  angular  velocity  in  z  will  induce  changes  in  the  radial  po¬ 
tential  drops  with  respect  to  z,  and  hence  changes  in  the  axial  poten¬ 
tial  drops  with  respect  to  r  (since  V  x  E  ■  o  and  thus  dE  /dz  ■  dE  /dr). 

r  z 

Finally,  if  p  approaches  zero  near  the  edge,  it  must  fall  off  ex¬ 
ponentially  since  dp/dr  (~  Jg  ~  eM  Ve  —  p/kT)  is  proportional  to  p. 

Thus  there  is  much  radial  structure  to  the  cathode  jet  which  cannot 
be  found  from  the  one  dimensional  analysis. 

It  is  possible  to  weaken  other  hypotheses  of  the  quasi- 
one  dimensional  analysis  and  still  obtain  a  solution.  A  more  realistic 
magnetic  field  such  as  suggested  in  Eq.  2  will  be  used.  Finite  Mach 
number  effects  (axial  momentum)  will  be  used;  however  it  is  unlikely 
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i 


chat  this  will  change  the  presaure  by  more  than  a  factor  of  two  from 
inlet  to  exit.  By  aesumlng  power  aeries  in  r  (radius)  for  In  p  (pres¬ 
sure)  and  V  (azimuthal  velocity),  we  hav  shown  that  C  (the  potential). 


J  ,  J  ,  (the  currents)  ,  etc.,  have  related  power  series.  A  system  of 

IT  Z 


ordinary  differential  eqiutlons  in  the  variable  z  (axial  position)  has 
been  set  up.  We  now  have  a  method  of  analysis  which  can  predict  the 


radial  distribution  of  the  unknowns. 


5.  Conclusions 


a.  X-ATRON  devices  can  heat  and  confine  plasma  under  a  wide 
range  of  operating  conditions.  The  two  limiting  cases 
studied  were  the  electron  conduction  model  which  applies  at 
high  density  and  the  ion  conduction  model  which  applies  at 
low  density. 

b.  The  cathode  jet  grows  in  diameter  as  it  travels  away  from 
the  cathode  due  to  diffusion  across  the  applied  magnetic 
field.  The  growth  rate  is  proportional  to  the  square  of  the 
pressure,  and  Inversely  to  the  five-halves  power  of  the  tem¬ 
perature  and  the  square  of  the  magnetic  field.  (These 
scaling  laws  apply  for  classical  diffusion  in  a  highly 
ionized  plasma.) 

c.  Due  to  spreading  the  cathode  jet  will  rotate  about  its  axis. 
The  change  of  rotation  induces  EMF's  which  cause  the  currents 
to  concentrate  near  the  outer  surface  of  the  cathode  jet. 

d.  In  the  ion  conduction  limit,  the  anode  sheath  does  not  spread 
as  it  travels  away  from  the  anode.  It  will  rotate  in  the 
same  direction  as  the  cathode  jet,  and  currents  concentrate 
along  the  inner  edge  of  the  annulus. 

e.  The  cathode  jet  and  anode  sheath  have  small  axial  potential 
drops,  and  act  as  virtual  electrodes. 

f.  When  the  cathode  jet  grows  to  the  inner  diameter  of  the  anode 
sheath,  the  zones  mix,  thus  completing  the  current  path.  The 
radius  where  this  occurs  can  be  found  by  mathematically  mini¬ 
mizing  the  potential. 
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APPENDIX  III 

CAfHODI  HEAT  TRANSFER  CALCULATIONS 


Coe  I 

Comparison  of  Power  Losses  for  Cylindrical  "Ring"  vs  Conical 
"Tip"  Arc  Attachment  Modes. 

From  Figure  1,  it  can  be  seen  that,  provided  the  half-width 
of  the  attachment  "ring"  is  small  with  respect  to  the  radius  of  the 
cylinder,  the  problem  may  be  approximately  "unwrapped"  into  a  "trough" 
on  a  flat  plate  of  thickness  R,  width  2nR  and  infinite  length. 

The  steady  state  heat  conduction  equation  in  the  absence  of 
sources  or  sinks  is  given  by 


72  0  -  0 


where 

0  ■  J  k  dT 

k  •  thermal  conductivity  of  the  cathode  material 
T  “  temperature 

In  the  cylindrical  geometry  of  Figure  2  this  becomes 

±  t  [}£]  ■  o 


or 


r 


A 

dr 


-k 


k  -  constant 


and 


0  ■  -X  In  r  +  C^ 
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The  boundary  conditions  0-0  it  r  ■  6  and  0-0  at  r  -  S  give 

O  ffi  ° 


0  -  0  ■  X  In  (R/‘  6 ) 

o  00 


The  heat  flux  q  is  given  by 


.  _  A  .  i 


dr 


or 


0n  -  0 
o  » 


**  r  In  (r/6) 


and 


q  I  r  .  6  •  <*0  -  *«>/'  ln  <*/*> 


The  power  is  given  by  P  .  -  q  .  A  .  where  q  ,  -  q  I  r  and 

r  ,  1  ring  ring  ring  Trirg  ^  t  -  6 


A  ,  -  2n  R6.  Thus 

ring 


'ring  "  R  <*0  '  *J/ln  <R/6> 


Now,  for  the  conical  tip  problem  we  write  v  0  in  spherical  polar 
coordinates  and  obtain 


or 


r2  A 

dr 


-P 
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or 


0  • 


C 


Applying  che  boundary  conditions  0  ■  $  a t  r  ■  y  and  {  *  ^  at  r 
we  find 


0O  -  0„  ■  P/y 


dc  & 

—  and  q 


2  - *  1  r  -  y  2 

r  y 


The  heat  flux  la  given  by  q  ■  - 

*2,.'.*-  ■  It*  pnnr  1.  given  by  f(lp  -  q£lp  *Up,  where  qtJp  *  q  ^  . 

and  At^p  la  the  spherical  cap  area  which  can  be  deterained  from  the 

integral 

0  2n 

J*  J'  (y  d0)(y  slnSdP)  *  2n  y*  [l  -  coaO] 
o  o 


A  .  - 

tip 


Hence 


ptip  "  2Ty  '  O  C1  *  co,93 


Further, 


I_ .  m  1  4  -  1 

tip  ring 


and 


^o  tip  *  0Q  ring  (corresponding  to  the  melting  point). 


Provided  the  current  density  is  primarily  due  to  thermionic 
emission  the  conditions  above  result  in  equal  current  densities  and 
therefore  equal  emitting  areas  for  the  ring  and  the  conical  tip 
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cases.  Assuming  that  the  tip  melts  back  to  the  point  where  the  spherical 
cap  is  at  the  melting  point,  then 

2rr2R6  -  2ny2  (1  -  cosS ) 


or 


—  TT 

R  1  -  cos® 

Thus 


JEl £ 

P  , 
ring 


$  l“«/6) 


Noting  that 


\l 


1  -  cue® 


sin 


(!) 


He  find 


.1.  (*)  X  in  (i) 


where 


X2  ■  6/R  <  1 

The  ratio  P^p/P^^  is  shown  in  Figure  2  of  the  main  body  of 
this  report  for  various  values  of  X  and  6.  In  all  cases  the  ratio  is 
less  than  unity  and  decreases  with  decreasing  0.  This  indicates  that 
within  the  framework  of  our  assumptions  the  power  loss  from  a  conical 
attachment  is  always  less  than  that  from  a  ring  attachment. 
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Case  II 


Comparison  of  Delta  Function  and  Uniform  Surface  Energy  Dis¬ 
tributions.  For  a  cylinder  of  radiua  R  and  length  L  with  an  energy 
input  Q(z)  per  unit  area,  and  essentially  one-dimensional  heat  con¬ 
duction,  we  obtain  the  differential  equation 


d^T  _  2Q(t) 

,  2  RF. 


where 


Q(«)  -  V  J^i)  -  X  Je(z) 


Physically  this  lsq>lies  that  the  ion  current  density  arrives 
at  the  surface  of  the  cathode  with  the  arc  voltage  V  while  an  elec¬ 


tron  current  density  J£  leaves  the  surface  with  the  work  function. 


X,  of  the  cathode  material. 

The  Richardson  equation  for  thermionic  emission  may  be  written 


in  the  form 


j  -  J  (T/T  )2  e_iX/kT 
Je  Jo  '  max' 


The  total  current,  which  is  to  be  regarded  as  constant,  is  given  by 


I  -  2ttR 
o 


Li 

CM*)  +  J  (*)3  d* 

J 


the  net  power  into  the  cathode,  from  the  ions,  is  given  by 


P  -  2ttRV  j1(r)  d* 


For  the  case  of  a  Delta  function  hea*-  source  we  take 
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A 


* 


mmm 


L 


f. 


Q(z)  -  6(z) 

which  yields 


T  - 


V 


+  C, 


The  boundary  conditions  are  T(o)  ■  and  T(L)  ■  0.  We  define 

0  ■  T/T  and  %  •  z/L. 
max 

The  tenperature  distribution  is  just  0  ■  1  -  5  and 

Je  *  (1  '  5)2  *’B/(1  ’  B  "  «X/kT^x 

Now,  for  z  i  0,  Q(*>  -  0  and  Jt(s)  -  £  J#(e) 

Thus  Io  -  2ttRL  Jq  (1  +  X/V)  8(B) 

where  8(B)  -J*  (1  -  §  )2  e"B/(l  '  5  }  d? 

o  L 

•‘•O’  'Lit.  -  2nRJ  V  V>  * 

o 

-  2nRLX  Jo  8(B) 

Substituting  for  8(B)  fro*  the  above  current  relation  we  obtain 


For  the  case  of  a  uniform  heat  source  we  take 

Q(z)  -  Q  ■  constant 
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then 


A 

o 


5> 

RK 

o 


Applying  the  sane  boundary  conditiona  and  dimenaionleaa  variables  we 
find  for  the  temperature  diatribution 


and 


0  -  (1  -  ?  )(1  -  a?)  a  2  A  L  /2T 

’  o  max 


J.  -  uV'1 


and 


V  Je  V 


i» 

2ttR  J  (M‘>  +  dz ' 


-  2ttRL 


+  (-rO  »>_ 


where 


t(or,  B)  ■  J 


(1  -  ?)*(!  -  or  ye 


s  \2_"B/ (1  -  5)(1  -  a5) 


uniform 


2nR 


2ttRV 


V  ji(r)  dt 


r 

j 

o  L 


D  ^  +  r] 


dz 


V 


-  2nAX  j  (r )dz  +  2ttRLQ 
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I  j0(z)  dz 

J  e 


5  j  L  aC(o,  B) 


uniform 


2hRL  [Xj  /  +  Q  ] 


where 


»> 


Therefore 


uniform 


delta 


Xt  V 

+  T*7 


»  1  for  3  i  0 


Hence  the  delta  function  will,  other  things  being  equal,  result 
in  a  smaller  power  loss  than  a  uniform  energy  distribution.  This  la 
a  general  result  which  can  be  expected  to  apply  within  the  framework 
of  the  assumptions.  In  order  to  obtain  numerical  values  for  the 


power  ratio,  Puniforin/Pdelta.  we  must  estimate  0. 


uniiuiui  uciig  -  /  *  \/T  or  \ 

We  can. obtain  a  very  rough  value  for  3  by  replacing  e  ' 

-B[l-?]Zn 

by  e  ^  which  is  equivalent  to  setting  a  ■  1  and  replacing  the 


exponential  function  by  a  polynomial  adjusted  to  a  "best-fit"  through 
the  proper  choice  of  n.  It  now  follows  that 
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*  *  Mi 


h: 


s 


v>< 


’  £ 


:  vA 


w  *  • 


1^(1,  B)  -J  (1  -  5)4  e‘B  a  -  ?)2n  X 


2rH-5  . 

.  ,-B  XLili  |l 

2n  +  5  1 

o 


e 

2n  +  5 


By  comparison  with  a  plot  of  e'1/(1  "  ^  it  ia  found  that  n 


Hence 


Hi,  B)  - 

*5." 


45.1  g. 


Further,  within  the  aplrlt  of  the  prevloua  approximation  we  way  take 
Q°  V  Ji 

n;  “  x  37  - 1  -  w> 


B  »  eX/kTMx  ** 


hence 


0  «  0(10H) 

While  the  approximation  a  are  admitted  quite  rough,  it  ia  clear 
that  0  »  1  and  in  thia  limit,  provided  0  X/V  »l(i.e.,  provided 
X  +  o  and  V  finite)  then 


Lie  fWm)  ]_ 

9  "•  •  L^delta  J 


+  1 


5090-Phase  II  Final 


REFERENCES 


1.  R.  A.  Moore,  G.  L.  Cann,  L.  R.  Gallagher,  High  Specific  Impulse 
Thermal  Arc  Jet  Thrustar  Technology.  TR  No.  AFAPL-TR-65-48,  Air 
Force  Aero  Propulsion  Laboratory,  Jun  196S  (EOS  5090-Phase  I 
Final) 

2.  G.  L.  Cann,  R.  L.  Harder,  Follow-on  Investigation  of  a  Steady 
State  Hall  Current  Accelerator.  NAS  CR-54062,  NASA-Lewls  Research 
Center,  30  Oct  1964  (EOS  4010-Final) 

3.  S.  Bennett,  R.  R.  John,  G.  Enos  and  A.  Tu.hman,  Experimental 
Investigation  of  the  MPD  Arc  Jet,  AIAA  Paper  No,  66-239 

4.  R.  R.  John,  S.  Bennett,  and  R.  Jahn,  Current  Status  of  Plasma 
Propulsion.  AIAA  Paper  No.  66-565 

5.  R.  M.  Patrick  and  A.  M.  Schnelderman,  Axial  Current  Distribution 
lr.  the  Exhaust  of  the  Magnetic  Annular  Arc.  Research  Report  231, 

A  VC  0-  EVERETT,  prepared  for  NASA -IRC  under  Contract  No.  NAS3-5748, 
Jul  1966 

6.  G.  L.  Cann,  R.  L.  Harder,  R.  A.  Moore,  and  P.  P.  Lenn,  Hall  Current 
Accelerator.  NASA  CR- 54705,  prepared  for  NASA/LRC  under  Contract 
NAS3-5909 ,  4  Feb  1966  (EOS  5470-Flnai) 

7.  G.  Schmidt,  "Nonadlabatlc  Particle  Motion  In  Axialsynmetric 
Fields,"  Phys  Fluids,  5,  994,  1962 

8.  G.  L.  Cann,  R.  L.  Harder,  Study  of  Electrode  Attachment  Regions 
in  High-Current  Gaseous  Discharges.  Arnold  Engineering  Develop¬ 
ment  Center,  Report  AEDC-TDR-64-107,  Aug  1964 

9.  G.  L.  Cann,  R.  A.  Moore,  P.  F.  Jacobs,  L.  R.  Gallagher,  High 
Specific  Impulse  Thermal  Arc  Jet  Thrustor  Technology.  Interim 
Technical  Report  on  Contract  AF  33  (615) -1579,  Air  Force  Aero 
Propulsion  Laboratory,  Sep  1965  (EOS  5090-IR-2) 

10.  G.  L.  Cann,  "Energy  Transfer  Processes  In  a  Partially  Ionised 
Gas,"  Fh.D.  Thesis;  published  as  GALCIT  Hypersonic  Research  Pro¬ 
ject  Memorandum  No.  61,  Jun  15,  1961 

11.  G.  L.  Cann,  R.  A.  Moore,  R.  D.  Buhler,  G.  L.  Mavlotte,  Thermal 
Arc  Jet  Research.  TDR  No.  ASD-TDR-63-632,  Air  Force  Aero  Propul¬ 
sion  Laboratory  Contract  AF  33 (657) -8839,  15  Aug  1963  (EOS 
3170-Flnal) 

12.  R.  A.  Moore,  G.  L.  Cann,  et  al.  Thermal  Arc  Jet  Research.  TDR  No. 
APL-TDR-64-55,  Air  Force  Aero  Propulsion  Laboratory,  May  1964 


5090-Phase  II  Final 


157 


REFERENCES  (contd) 


13.  G.  L.  Cann  and  R.  D.  Buhler,  "A  Survey  and  Prediction  of  the 
Performance  Capability  of  Coaxial  Arc  Heaters,"  Paper  presented 
at  AGARJD  Specialists 1  Meeting  on  Arc  Heaters  and  MHD  Accelerators 
for  Aerodynamic  Purposes,  Belgium,  21  Sep  1964 

14.  M.  C.  Yuen,  "Stability  of  the  Polseullle  Plasma  Arc  in  an  Axial 
Magnetic  Field,"  The  Physics  of  Fluids,  Vol.  9,  No. '6,  pp  1140- 
1150,  Jun  1966 


5090-Phase  II  Final 


158 


m 


Unclassified 


Security  Classifies  tioa 


DOCUMENT  CONTROL  DATA  •  RAD 

(t  •airily  ctoMHlMMai  •/  tiilt,  Me  W  anS  awHifw  am  to  wWto  atoi  to  II  nfM  to  itoiNM) 


1  ORIGINATING  ACTIVITY  (Cm 


Electro-Optical  Systems,  Inc. 

A  Subsidiary  of  Xerox  Corporation 
300  No.  Halstead.  Pasadena.  California 


I*  ncpoat  •■cuaitt  c  lassibicatiom 

Unclassified 


t»  «MUA 


1  RCRORT  TITLE 


HIGH  SPECIFIC  IMPULSE  THERMAL  ARC JET  THRUSTOR  TECHNOLOGY 


4  OOCNIBTIVK  NOTH  r*>B*  atoMMI**  SRItoJ 

Summary  Technical  Report.  Phase  II  -  1  April  196S  to  31  March  1966 


(  AUTHONWILrMmmm.  tolMM,  Mltat) 

Cann,  Gordon  L;  Moore,  Robert  A;  Harder,  Robert  L;  and  Jacobs,  Paul  F. 


•  A*  AO  AT  DAT! 

January  1967 


Sa  CONTRACT  OA  •WANT  l 

AF  33 (615) -1579 

a  RROJBCT  MO 

314101 


IS-  AVAIL  AOILITY/LIMITATION  MO  TICKS 


II-  SUaOLKMKMTANV  MO  TVS 


IS  ABSTRACT 


7f  •  TOTAL  MO.  OA  BABBS  TO  MO-  OB  ROBS 

154  14 


SO  OWOMIATBR**  RBBORT  MUtoOBRfSj 

EOS  Report  50 90 -Phase  II  Final 


S»  jjtmsr^rjbort  Morm  (Amr 


MILITARY  ACTIVITY 


Air  Force  Aaro  Propulsion  Laboratory 
Rasaarch  and  Technology  Division 


...  e  objective  of  this  program  is  to  develop  afflelant  electric  arcjat 
thrustora  for  high  specific  impulse  and  long  life.  Power  levels  between  10  and 
50  kW,  specific  impulse  between  1500  and  6500  seconds  are  sought  with  power  input* 
to-thrust  ratios  less  than  190  ktf/lb  for  durations  up  to  100  hours.  The  approach 
combines  analytical  and  experimental  research  to  Investigate  and  develop  thrustora 
using  lithium  and  other  alkali  metal*  as  propellants.  The  present  approach  has 
relied  predominantly  on  Hall  current  interactions  with  an  applied  magnetic  field. 
Thrustors  of  this  type  have  been  designated  ALPHA  (ALkall  Plasma  Hall  Accelerator). 
During  the  second  phase  of  the  program  the  following  advances  have  been  mode.  The 
effects  of  the  testing  environment  upon  the  measured  performance  have  been  investi¬ 
gated.  The  performance  of  potassium  propellant  has  been  investigated  and  found  to 
be  comparable  with  that  of  lithium  at  low  Iap  and  worse  a  higher  Iip.  Two  major 
modifications  to  the  design  of  the  engine  have  been  made:  (a)  the  cylindrical 
cathode  has  been  replaced  by  a  buffered  cathode  with  separate  propellant  injection, 
thereby  increasing  the  thrust  per  unit  current,  decreasing  the  cathode  power  loss 
per  unit  current.  Increasing  the  insulator  lifetime,  and  helping  to  separate  the 
ionization  and  acceleration  processes;  and  (b)  the  region  of  strong  magnetic  field 
has  been  extended  downstream  by  placing  a  second  coil  on  the  engine,  reducing  mag¬ 
net  power  requirement  by  a  factor  of  almost  five.  Thrust  balance  has  been  improved. 
A  new  feed  system  has  been  designed  to  provide  continuous  operation  for  periods  ovei 
100  hours  at  levels  around  10  mg/sec.  A  theory  has  been  developed  for  the  operatloi 
of  ALPHA.  Calculations  based  on  this  theory  Indicate  that  significant  Improvements 
can  be  made  over  present  performance. 

DD  ij?2m  1473  _ Unclassified _ 

Security  Classificatio* 


159 


o 


r 


.  4jgp. 


_ 


,  <ff 


ttacUsslflsd 


See  wily  Classification 


ALPHA  (ALkfill  Plasma  Hall  Accelerator) 

arc Jet  thru* tor 

lithium 


L  Q3BOINAT1WO  Ma4m  «*■ 


mm  with  •HMyrtei  Mnrily  rifiaimi 

2*.  amour:  am— nu  ii»mria^  u  uimmh- 

racUM  s>oaio«M  Armed  r«cM  industrial  smml  u« 

tlm  arwp  aaSir.  AM*,  whan  apt  Ue  ate  la,  ah—  that  optional 
aaa— ago  kaw  haaa  need  far  Qtaiy  3  — <  Oreup  4  as  auther- 


3.  MTORT  TTTU  Eater  tha  complete  tap—  title  ia  all 
capital  tattara.  TMaa  la  all  caaaa  ahaalS  ha  anclaeslfied. 
IT  a  anaahmfat  tit  la  caaaat  ha  aalnetnd  a4thaat  claaalflca- 
tha  ah—  tMa  claaaiflcatMa  h  all  capitals  la  paroMheela 
haa—aly  Mtwh|  tha  MU  a. 

4.  DOCSSmvi  wm  m  appraprlata.  aatat  the  type  af 
tap  art.  aa.  Irtarim.  pttptaa.  wammary,  aa— at.  at  final. 
Oita  tha  mlastee  Sanaa  —aa  a  specific  rap— las  sari—  ia 


3.  AlTTMOmfiy  Era*  tha  aa«a<a)  of  mrtherfa)  aa 


—  tha  tapact,  aaa  4ata  af  p— lest  lam 

7*  TOTAL  HUWEEN  OT  Tha  tatal  pat*  eaaM 

showed  fallow  normal  papjaatlaa^pracaMwaa.  La.,  aatar  tha 

7A  HUMBEE  OF  KEEEKSHCE*  Eater  tha  fatal  awe— r  af 
rafaraacaa  chad  la  tha  report. 

la  COUT«ACT  om  OEANT  HUMBER:  If  appropriate. ,  — or 
tha  appltcahla  aaMhar  af  tha  caatract  at  P—  aaSat  which 
tha  tap—  was  a— t— 

U,  Ir,fcl4  PROJECT  HUMBER:  Beta*  tha  appropriate 
Military-  4m — m—  idawttfteeUaa.  ewe h  aa  project  a— Mat. 
— -aiT«M— r.  ayrt—  — h-ra,  taah  aaa— t.  ate. 

fa.  owomAWi  MPorr  mui* «<**  e— rthn  **: 
dal  tap—  aaa— r  hy  which  tha  AacaMsat  will  ha  id— Med 

—  caatralla4  hy  tha  arl«i— tap  activity.  Thla  aa— at  —at 
ha  aatgue  to  thla  report. 

fh.  OTHER  REPORT  HUMBEWf):  If  the  rep— has  haaa 
aesirned  »ny  at  hat  rrp—  "umber*  (ttthor  hy  tha  originator 
or  by  tha  *i  rw*vt)t  *1at*  aatar  thla  miabarfa). 

10.  AVAU.ABU.lTY/LimrAT10HH0nCE*  Eatar  any  lim- 
itationa  on  fiat  hat  dissent  inatioa  of  tha  rap—.  •— r  than  thee 


(PO  »#«•»»' 


hy  aacartty  clasalflcatinn.  using  standard  atataaiaata 


(1)  “Qualified  rogue  at  era  — y  —ala  copiaa  of  this 
r apart  —a i  DOC” 


(3)  "Foreign  lanwruC  aad  4taaa—aatioa  of  tIMa 
tap—  hy  DDC  ia  —  aathwitai  ” 

(3)  **U  A  Qatar—  standee  May  —ala  capias  of 

thla  rap— ^directly  ha*  DDC  Other  certified  DDC 


(4)  "U.  A  aMIltary  apaaclaa  — y  —ala  copiaa  of  thla 

rap  art  directly  h—  DDC  Other  gealiflud  aaars 
shall  repeat!  through 


(S)  "All  41atr— tlea  af  thla  rapart  ia  contrail—  Qual¬ 
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■ana  try  af  —  dec— sat  indicative  af  tha  report,  even  thoaph 
it  —  alaa  appear  elsewhere  ia  —  hady  4  tha  technical  re- 
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ha  unclassified.  Each  pare  graph  af  —  abstract  shall  aad  with 
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